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Abstract 
The extensive growth of the multimedia requires communication systems to provide 
broadband access and high-bit transmission rates. To support high data rates and 
spectral efficiency, Orthogonal Frequency Division Multiplexing (OFDM) was 
developed. However OFDM modulation schemes have high peak-to-average power 
ratio (PAPR), which requires a large linear dynamic range of the RF circuits. 
Conventional amplification employs a linear amplifier with high levels of back-off, 
which results in power inefficiency. Typical power efficiency is around 14%. 
Therefore, the purpose of this thesis is to increase the power efficiency for wireless 
LAN applications. It begins by reviewing the most significant linearisation techniques 
to find out possible solutions. By combination of different techniques, highly efficient 
amplification for wireless LAN application can be achieved. There are two solutions 
which are suggested and investigated in this thesis; one is to use a class C amplifier 
linearised by piecewise linear predistortion (PLP), the other one is envelope 
elimination and restoration (EE&R) compensated by the predistortion technique. 
The class C amplifier is a nonlinear but highly efficient power amplifier, which is 
generally used to amplify constant envelope signals. With PLP compensation, the 
class C amplifier can also amplify non-constant envelope signals. The performance of 
the class C amplifier linearised by the PLP has been simulated; this system can 
achieve an error vector magnitude (EVM) of 6% and a power added efficiency (PAE) 
of 22.5% when used in an IEEE802. llg application, one of the wireless LAN 
standards. To improve the efficiency, the clipping & filtering technique has been used. 
With appropriate levels of back-off, the amplifier can achieve a maximum PAE of 
47% with low bit error rate (BER). 
The major advantage of the EE&R technique is its inherently high efficiency, but it 
also has some distortion sources. The effects of these distortion sources on an 
IEEE802.11 g application has been simulated and discussed. To implement the EE&R 
transmitter, a class E amplifier which is used as the RF amplifier of the EE&R 
transmitter has been built. Baseband predistortion was applied to improve the linearity. 
The measurement results show that the constructed EE&R transmitter can achieve 
around 47.3% of PAE for an IEEE802.11 g application. 
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CHAPTER I INTRODUCTION 
1 Introduction 
1.1 Wireless Communication 
In recent years, the spectacular growth of communication techniques is changing 
people's lifestyles. Communication is becoming more diverse from messaging, voice, 
and video into integrated multimedia. Wireless communication is indeed taking 
communication into a new generation, which reduces the physical transmission 
limitation enabling communication systems to have more mobility. However, due to 
the rapid growth of multimedia services, communication is required to transmit 
high-quality and high-quantity information resulting in dramatic increases in the data 
transmission rate and spectral bandwidth requirements. Unfortunately, the wireless 
environment is a scarce resource creating design challenges to achieve high spectral 
efficiency [1]. 
A conventional single-carrier transmission suffers from delay spread effects when the 
data transmission rate is increased. To support broadband access and high-rate 
transmission, multicarrier modulation schemes were developed due to their relative 
insensitivity to the delay spread effect. Orthogonal frequency-division multiplexing 
(OFDM) is one of the most popular multicarrier modulation schemes [2], which uses 
a frequency-division multiplexing technique to transmit data on orthogonal 
subcarriers and has been applied to Wireless Local Area Network (WLAN), wired 
broadband network, Digital Audio Broadcasting (DAB) and Digital Video 
Broadcasting (DVB). Although OFDM modulation realizes high-data transmission 
rates and high spectral efficiency, it creates two problems for RF circuit designs; one 
is linearity and another one is power efficiency. 
OFDM modulation is implemented by overlapping a number of orthogonal 
subcarriers resulting in a high peak-to-average power ratio (PAPR), which requires a 
large linear dynamic region of the RF power amplifiers. The higher PAPR the signal 
has, the larger the linear dynamic region is requested. To meet the linearity 
requirements of OFDM applications, it is current practice to use a linear power 
amplifier with high levels of back-off, resulting in very low power efficiency [3]. 
Power efficiency is a challenge for wireless communication design, because mobile 
units are operated on batteries with limited energy supply and an amount of the power 
consumption is due to the power amplifier. If a mobile unit has a low power efficiency 
amplifier, the battery recharge cycle will be reduced and it will become inconvenient 
to mobile unit user. Unfortunately, the linearity and the power efficiency of 
conventional power amplifiers are generally a trade-off. 
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Many techniques have been proposed to achieve either high linearity or high 
efficiency. There is no single technique that can efficiently achieve both linearity and 
power efficiency. Therefore, the purpose of this thesis is to investigate possible 
solutions to achieve highly efficient amplification as well as wideband operation with 
reasonable linearity for wireless LAN applications. 
1.2 Summary of Thesis 
The thesis begins by reviewing the conventional linear amplifiers and switching 
amplifiers. The linearity, power efficiency, and distortions of these amplifiers will be 
discussed. Since this thesis uses the IEEE802. l lg as an example of a signal with a 
high PAPR, the concept of OFDM signals will also be introduced. In Chapter 2, the 
current significant linearisation techniques will be introduced. The characteristics 
such as linearity, efficiency, and bandwidth of these linearisation techniques will also 
be discussed. At the end of this chapter, techniques providing high efficiency for 
IEEE802.11 g OFDM applications will be suggested for further investigation. 
Chapter 3 discusses one of the suggested techniques, piecewise linear predistortion 
(PLP), which is used to linearise a nonlinear but highly efficient class C amplifier. To 
estimate the performance, firstly the ideal transfer characteristic of the predistorter 
will be derived. Then the different types of PLP and possible implementation circuits 
will be discussed. Secondly the circuit simulation of a class C amplifier was carried 
out to obtain the major characteristics. Finally the performance estimation of a class C 
amplifier linearised by the PLP in terms of spectral re-growth measurement, EVM 
measurement, and power efficiency analysis will be introduced. 
In Chapter 4, to increase the power efficiency of the class C amplifier, the back-off 
and clipping techniques will be introduced. The back-off technique is generally 
employed to maintain the linearity of a power amplifier and to regulate the 
transmission power level. Since back-off significantly affects the power efficiency of 
the amplifier, the effect of the back-off technique to spectrum, EVM, BER, and PAE 
will be discussed. In this chapter, the clipping technique is applied to reduce the PAPR 
and therefore to increase the power efficiency. The effect on PAE and EVM will be 
discussed at the end of this chapter. 
In Chapter 5, another suggested technique for Wireless LAN applications is the 
envelope elimination and restoration (EE&R) technique. The major advantage of the 
EE&R technique is its inherently high power efficiency. However, it also has some 
distortion sources. This chapter discusses the influences of these distortion sources on 
an IEEE802.11 g application, and provides possible solutions. 
3 
CHAPTER 1 INTRODUCTION 
Chapter 6 discusses the implementation of the EE&R transmitter. The design 
procedure for the class E amplifier, which is used as the RF amplifier of the EE&R 
transmitter, will be introduced. To implement the EE&R transmitter. the highly 
efficient class E amplifier was built, and to estimate the performance of the system a 
linear envelope modulator was implemented using an operational amplifier. The 
baseband predistortion technique was applied to improve the linearity of the EE&R 
transmitter. The measurement results in terms of spectral re-growth and power added 
efficiency are also discussed in this chapter. 
The final chapter concludes the work which has been done in this thesis and makes 
suggestions of some techniques for future studying. 
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TRANSMITTER TECHNIQUES 
This chapter begins by discussing the need for linearity. The nonlinear characteristics 
of power amplifiers and some important parameters will be introduced. Then the 
traditional power amplifiers and high-efficiency switching amplifiers will be briefly 
reviewed. The linearity and power efficiency of these amplifiers will be discussed. 
Next, the current linearisation schemes techniques will be introduced. The 
characteristics such as linearity, efficiency, and bandwidth of these linearisation 
techniques will also be discussed. Finally, some possible techniques providing high 
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2 Power Amplifiers and Transmitter Techniques 
2.1 The Requirement of Linearity 
The linear amplification is required when the signal is modulated in both amplitude 
and phase resulting in a non-constant envelope signal. Traditional modulated signals 
such as FSK and PSK do not require linear amplification due to their constant 
envelope characteristic. However, these modulated signals use equivalently 
rectangular data pulses to transmit signal resulting in Sinc-function spectrum which 
spreads energy over a wide bandwidth and results in spectrum inefficiency. Modern 
modulated signal such as QAM implemented by modulating in-phase and quadrature 
data uses shaped data pulses for transmission which is achieved by using square-root 
raised-cosine filter in both transmitter and receiver. Comparing with PSK which 
modulates information on phase variation, the QAM signal increases the spectrum 
efficiency by modulating information on both amplitude and phase variation resulting 
in requirement of linear amplification. 
The increasing demand of multimedia services requires the broadband access and 
high-date transmission rates to the next-generation wireless communication systems, 
such as 3Id generation mobile system and Wireless Local Area Network (WLAN). For 
example, the 3rd generation mobile communication standards, UMTS, demand 5 MHz 
bandwidth at 2GHz frequency, and the WLAN standards, IEEE802.11 and 
HIPERLAN/2, require 20MHz bandwidth at 2.4GHz or 5GHz frequency [1]. To 
support such large data rates, many modulation schemes were proposed, such as 
Orthogonal Frequency Division Multiplexing (OFDM) [2] and Wideband 
Code-Division Multiple Access (WCDMA). However, those modulation schemes 
provide high peak-to-average power ratio (PAPR) signals, which not only require 
linear amplification but also demands large linear dynamic region of RF power 
amplifiers. 
In the transmission process the RF power amplifier is one of most important devices, 
which amplifies the transmission signal to power level and consumes a significant 
amount of power. There is usually a trade-off between the power efficiency and 
linearity of the RF power amplifier, the higher the power efficiency, the lower 
linearity. The power amplifier of hand-held equipment has to be as efficient as 
possible to conserve battery power. So the power efficiency has to be considered in 
designing linearisation schemes. 
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2.1.1 Non-linearity 
An ideal power amplifier should have a linear characteristic, where the output voltage 
of the power amplifier duplicates a scalar multiple of the input voltage and adds a 
constant phase shift. Considering an input voltage, x(t), of a power amplifier is 
represented as: 
x(t) = A(t) " cos(w, t + O(t)) (-,. I) 
Where A(t) and 0(t) are the amplitude and phase modulation products respectively 
and the co, is the carrier frequency in radian. Therefore the linear output voltage, v(t), 
of the power amplifier should be as: 
y(t) =k" A(t) " cos(wot + O(t) + B) (2.2) 
Where k is a constant gain of the amplifier and 0 is represented as a constant phase 
shift. However, all practical power amplifiers exhibit a degree of non-linearity 
resulting in amplitude and phase distortion. A nonlinear output voltage of the power 
amplifier can be represented as: 
y(t) = G[A(t)] " cos{wit + O(t) + P[A(t)l (2.3) 
Where G["] represents a transfer function of the amplitude distortion, which can be 
modelled as AM/AM conversion, and P["] is a transfer function of the phase distortion, 
which can be modelled as AM/PM conversion. The AM/AM and AM/PM conversions 
are measured by applying a single tone signal at a carrier frequency and sweeping the 
input power. The measured output power is then characterized as AM/AM conversion 
and the measured phase shift of the output signal is characterized as AM/PM 
conversion. The AM/AM and AM/PM conversions are shown in Figure 2.1. Theses 
two conversions are generally used to model traditional nonlinear power amplifiers 
such as class A, B, AB, and C amplifiers. 







P1n(dBm) P1,, (dBm) 
Figure 2.1: AM/AM and AM/PM conversions 
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2.1.2 Amplitude Distortion 
The amplitude distortion often causes unwanted frequency components to be present 
in the output signals resulting in energy spread and reduction. Such unwanted 
components can be classified into two types, harmonic distortion and intermodulation 
distortion (IMD) [3][4]. The harmonic distortion produces integer multiples of the 
input signal at DC, twice, three times, and so on of the fundamental frequency, and the 
intermodulation products (IMPs) are due to sum and difference products of the input 
frequencies resulting in IMD. The IMPS occur at in-band and appear centred around 
the harmonics. 
2.1.2.1 Harmonic Distortion 
The harmonic distortion can be measured at the output signal of a nonlinear power 
amplifier by applying a single tone signal at a carrier frequency. There are many 
methods to model the AM/AM conversion of a power amplifier and the easiest and 
the most often used model is polynomial. If the input is assumed as x(t), then the 
output of a nonlinear power amplifier can be represented by a power series as below. 
y(t) = k, x(t) + k2x2 (t) + k3x3 (t) +... + knx" (t) (2.4) 
This equation only characterizes the amplitude distortion (AM/AM conversion) and 
ignores the phase distortion (AM/PM conversion). Considering a power amplifier 
which has a less nonlinear characteristic, the AM/AM conversion can be represented 
as only first three orders of power series as below. 
y(t) = k, x(t) + kz x' (t) + k3 x3 (t) (2.5) 
When a single tone input signal, x(t)=A"cos(wjt), is applied into the Equation (2.5 ). 
the output signal, y(t), can be written as: 
y(t) =1k, A2 + k, A+ 
3 
k3A3 cos(a t) +1 k2A2 cos(2o)it) +1 k3A3 cos(3w, t) (2.6) 4 2 4 2 
It can be observed that the output signal consist of fundamental 
frequency cri and 
additional components at DC, twice and three time of 
fundamental frequency. The 
additional components are harmonics. The harmonic distortions are the out-of-band 
components, which do not impact on the in-band performance and can 
be generally 
removed by a band-pass filter. 
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2.1.2.2 Intermodulation Distortion (IMD) 
To derive the IMD, a common method is by applied a two-tone test signal into a 
nonlinear amplifier. The two-tone test signal consists of two sinusoid signals with the 
same amplitude and a small frequency separation, which can be represented as 
x(t)=A"(coswjt+ cosOv2t). When this is substituted into Equation (2.5), the output of 
a nonlinear amplifier, y(t), can be written as: 
y(t) = k2A2 + k2A2 cos(w2 - w, )t DC Zone 
+ k, A+ 
9 
k3A3 cos 0), t + k, A +9 k3A3 cos wet 44 
Fundamental Zone 
+3 k3A3 cos(2w, - cv2 )t +3 k3A3 cos(2co2 - w, )t 44 
+ik2A2cos2w, t+ik2A2cos2w2t 
22 
+ k2A2 cos(w, + ßv2 )t 
+1 k3A3 cos 3co t+1 k3A3 cos 3ov2t 44 
+3 k3A3 cos(2w, + w2 )t +3 k3A3 cos(2w2 + col )t 44 
2nd Harmonic Zone 
3rd Harmonic Zone 
(2.7) 
From Equation (2.7), except harmonics represented at col, cot, 2w j, 2w-,, 3(0 1, and 3w2, 
there are some additional frequencies (IMPs) at the DC zone (w1-(02), the fundamental 
zone (2wi-w2,2r02-Wj), the 2nd harmonic zone (c)l+ (02), and the 3rd harmonic zone 
(2w1+w2,2w2+ co]). The frequencies located at wi± (02 are called the 2nd order IMP 
(IM2) and the frequencies located at 2rw1± w2,20w2± col are called the 3`d order IMPs 
(IM3). Figure 2.2 represents the harmonics and IMPs in the frequency domain, when 
applying a two-tone test signal into Equation (2.4) with the 5`h order polynomial 
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Figure 2.2: Spectrum of harmonics and IMPs 
Since the IM3 is the closest and the strongest part of distortion, therefore the IN13 is 
generally represented as IMD. The IM3 is not possible to be removed by using a filter 
because it is too close to fundamental frequencies. General solutions to deal with the 
IM3 are using either linear amplifier such as class A amplifier or linearisation 
techniques. To quantify the linearity of an amplifier, the difference between the 
fundamental frequencies and IM3 is typically defined as IMD in dBc, decibels below 
carrier, which can be represented as: 
IMD(dBc) =P, (w2)(dBm) - Pou, (2&2 -a )(dBm) (2.8) 
2.1.2.3 Important Nonlinear Characteristics 
Figure 2.3 shows an AM/AM conversion of a power amplifier containing some 
important nonlinear characteristics. It can be observed that the output power at 
fundamental frequency, P((02), is proportional to input power when input is at a low 
power level. When the input is increased to a certain power level, the output power 
level starts deviating from the linear region and finally the output reaches saturation. 
When the output power deviates from linear by 1 dB, it is called the 1dB compression 
point (P1dB) [4]. The 1dB compression point is generally used to characterize the 
power handling capabilities of a power amplifier. The second characteristic of a power 
amplifier is called the dynamic range which is measured from minimum detectable 
power level to 1dB compression point. The dynamic range defines a linear region of a 
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IP3 ----------------------------------------------------------------- - 
Saturation region 
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' P(2w2-w j) range 
IM3 
Pin(dBm) 
Figure 2.3: Nonlinear characteristic of a power amplifier 
The third characteristic is called 3`d order intercept point (IP3). In the linear region, 
the output power at fundamental frequencies, P(coz), is directly proportional to input 
power. However, the output power of IM3 represented as P(2w2- (01) is proportional 
to the cube of the input power. On a log-log scale plot as shown in Figure 2.3, when 
input power increases 1 dB, the P((02) increases 1 dB but P(2(02- C01) increases by 3dB. 
By extending the linear region of P(w2) and P(2a)2- wl), they will intercept at a point, 
which is called the 3rd order intercept point. The IP3 is a fixed point which is 
independent of the particular power gain of the amplifier, and therefore it can be used 
to quantify the IMD as a single number. 
2.1.3 Phase Distortion 
Apart from amplitude distortion, a power amplifier also exhibits phase distortion, 
which is generally modelled as an AM/PM conversion. The AM/PM conversion is an 
instantaneous phase shift depending on input amplitude. In the digital transmission 
system, the AM/PM conversion is critical especially in the phase modulated 
transmission signals such as PSK, QPSK, and QAM modulation schemes directly 
resulting in bit-error rate (BER) increase. To compensate the phase distortion, a 
linearisation technique is necessary such as feedback and predistortion techniques are 
generally be used. 
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2.1.4 Nonlinear Measurement for Modulated Signals 
Although the two-tone test signal can be characterized the degree of non-linearity, 
most modulated signals are much more complex than a two-tone test signal. Therefore 
it is necessary to define some parameters to measure the modulated signals. 
Adjacent Channel Power Ratio (ACPR) 
ACPR is a measurement of the degree of signal power spreading into the adjacent 
channels. It is defined as the ratio of the mean power in the transmitted bandwidth and 
the mean power in the adjacent channel bandwidth. The concept is illustrated in 
Figure 2.4, where ff is carrier frequency, fo is channel separation, and BW is channel 
bandwidth. 
Multitone Intermodulation Ratio (M-IMR) 
Multitone Intermodulation Ratio (M-IMR) is defined as the ratio between the 
transmission power level and the highest intermodulation power level just outside of 








f +f) fc 
Figure 2.4: Adjacent Channel Power Ratio 
2.1.5 Efficiency Definitions 
Frequency 
Three definitions of power efficiencies will appear in the thesis. DC supply efficiency 
noted as roc, drain efficiency noted as ri(/ra;,, and 
Power Added Efficiency (PAE) noted 
as TiPAE [4]. The DC supply efficiency is the power converting ability 
of a power 
amplifier which converts DC power to RF power 
defined as Equation (2.9), where Po 
is output power of a RF power amplifier in watts and 
PDC is the supply DC power into 
the power amplifier in watts. 
;1 /-/; 11R 
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P 
RDC-Poi (2.9) 





PAE is a more precise definition which subtracts the driven signal power from the 
output power and is defined as equation (2.11), where P; is the driven input power of a 





2.1.6 Transmission Signal in The Thesis 
In recent years, the spectacular growth of multimedia communication via wired and 
wireless channels demands high data transmission rate. To increase the data 
transmission rate in a limited channel bandwidth, a traditional Frequency Division 
Multiplexing (FDM) is being replaced by Orthogonal Frequency Division 
Multiplexing (OFDM) [2] FDM modulates relatively low data rate streams into 
specific non-overlapped frequency bands, and the modulated signals are then filtered 
by using a band-pass filter in receiver. In order to successfully filter the modulated 
signals, a guard band is necessary to be inserted between the two channels resulting in 
spectral inefficiency. 
The OFDM modulation spreads a high-rate data stream into a number of lower rate 
data streams that are transmitted simultaneously over a number of over-lapped 
subcarriers, which provide orthogonal characteristics, resulting in high spectral 
efficiency. The benefits of OFDM are high spectral efficiency, high resistance to 
frequency selective fading, and lower multi-path distortion. It has already been 
accepted for the Wireless Local Area Network (WLAN) standards such as 
IEEE802.11 a, IEEE802.11 g, and HIPERLAN/2 and wireless broadband multimedia 
communications such as Digital Audio Broadcasting (DAB) and Digital Video 
Broadcasting (DVB). 
2.1.6.1 The Concept of OFDM Modulation 
An OFDM signal is a sum of a number of over-lapped orthogonal subcarriers that are 
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individually modulated by using Quadrature Amplitude Modulation (QAM) [2]. To 
generate OFDM signals successfully the relationship between all subcarriers must be 
carefully controlled in order to maintain orthogonality. Figure 2.5 shows a single 
subcarrier spectrum and an example of an OFDM spectrum containing 5 subcarriers. 
To achieve orthogonality, if the symbol period of data stream is T, the carriers spacing 
must be a multiple of 1 /T. 
--+11/T I E- 
m 
CD 





Figure 2.5: (a) A single subcarrier spectrum (b) An example of OFDM spectrum 
with 5 subcarriers 




s(t) dý+Ný2exP J2, T-(t-t s) is<t<_tS+T NT (2.12) [2] I=-- 
2 
S(t)=0 t<ts, t>tS+T 
Where di is complex symbols, N is the number of subcarriers, T is the symbol duration, 
and t, is an OFDM symbol starting at t=ts. 
In this expression, the real and imaginary parts correspond to the in-phase and 
quadrature parts of the OFDM signal, which have to be multiplied by a cosine and 
sine of the desired carrier frequency to produce the final OFDM signal. The complex 
baseband OFDM signal as defined by equation (2.12) is in fact very similar to the 
Inverse Discrete Fourier Transform (IDFT), which is given by equation (2.13), where 
the time t is replaced by a sample number n, and T is replaced by N. 
N-1 




However, an N-point IDFT requires N2 complex multiplications. In practice, this 
transform can be implemented by the Inverse Fast Fourier Transform 
(ll IT ). An 
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N-point IFFT requires only (N/2)"1og2(N) complex multiplication, which is much 
more efficient than IDFT. Therefore the baseband OFDM signal is generally 
implemented by IFFY. 
2.1.6.2 Peak to Average Power Ratio (PAPR) 
An OFDM signal consists of a number of independently modulated subcarriers, which 
can give a high PAPR when added up coherently. When N subcarriers are added up 
with phase alignment, they produce a peak power that is N times the average power 
[2]. To estimate the degree of envelope variation, the peak to average power ratio 
(PAPR) is generally used, which is defined by Equation (2.14), where the Ppeak is the 
maximum peak power of the signal and the PüVe is the average power of the signal. 





Although an OFDM signal has a very high PAPR, the large peak excursions occur 
with very low probability levels. Figure 2.6 shows the Complementary Cumulative 
distribution function (CCDF) of the PAPR of an IEEE802. llg OFDM signal, which 
consists of 52 subcarriers. The different colour represents different constellation 
modes supported by the IEEE802.11 g standards. It can be observed that the signal 
has 
only 2% of the peaks occurring with a PAPR of higher than 12 
dB. Besides the PAPR 
is independent of constellation mode, it is only associated with the number of 
subcarriers. 









LL -- I -' 
L ----------- Q_-__ 
I, I 
----- -- ----------------- -------------------- 
-, ----- 




10 11 12 13 14 10 6789 PAPR (dB) 




2.1.6.3 IEEE802.11g OFDM Signal 
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The first WLAN standard, IEEE 802.11, was adopted in 1997, and the IEEE802.11 g is 
one of the IEEE802.11 families, which chose OFDM as modulation technique in the 
2.4GHz band [5]. It consists of 52 subcarriers and can achieve a maximum data rate 
up to 54Mbps. The bandwidth of an IEEE802.1 Ig is 16.25MHz, and the channel 
separation is 20MHz. Figure 2.7 shows the transmission mask of an IEEE802.11 g 
signal. It is required -20dBc and -40dBc when the frequencies are 11 MHz and 30MHz 
apart from carrier frequency, respectively. 
Since an IEEE802.11 g signal has a high PAPR, it requires large dynamic range of a 
power amplifier resulting in power inefficiency. In general the power efficiency of a 
class AB amplifier for an IEEE802.11 g application can achieve around 14% power 
added efficiency (PAE). The purpose of this thesis is to try to increase the power 
efficiency with reasonable linearity for high PAPR signals. Therefore IEEE802.11 g 
has been chosen to test the performance of the amplifiers. 
Figure 2.7: Transmit spectrum mask for IEEE 802.11 g [5] 
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2.2 Power Amplifiers 
A power amplifier is a circuit which boosts a low input power level to the desired 
output power level by converting DC power to RF power. Basically power amplifies 
can be classified as conventional power amplifiers, class A, B, and C, and switching 
amplifiers, class D, E, and F [6][7][8]. Any types of power amplifiers present more or 
less nonlinear characteristics and thus need wave-shaping techniques to improve 
linearity. Every type of amplifier has its unique characteristics, some can provide high 
linearity and some can provide high efficiency, but generally the linearity and 
efficiency are trade-offs. The power amplifiers also can be a part of transmitter such 
as the Kahn, envelope tracking, and Doherty structures to achieve a more efficient 
linear transmitter. 
Figure 2.8 shows a single-ended power amplifier configuration, which includes an 
active device (FET), a bias network controlling the mode of operation and a RF choke 
providing DC power to amplifier, and a tuned circuit providing harmonic suppression. 
This configuration can be used to explain the operation of the conventional power 
amplifiers. In the case of the class B and class AB amplifiers, this configuration only 

















Figure 2.8: A general form of a single-ended amplifier 
J t' 0 
1 
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2.2.1 Class A amplifier 
In the operation of class Amplifier, the bias current, Iq, has to be greater than the 
maximum amplitude of the output current, i0, and therefore the transistor can conduct 
through the complete duration of the input cycle; the conduction angle is 360°. Figurc 




Figure 2.9: Drain current waveform of class A amplifier 






In theory the maximum efficiency that can be achieved is 50%. However, in practice, 
the efficiency is generally around 20%. For high PAPR signals such as an OFDM 
signal, the efficiency will be below 10%. Class A amplifier can provide high linearity 
and are widely used with linearisation techniques such as the feedforward technique 
which requires a highly linear amplifier for the error amplifier. 
2.2.2 Class B and AB amplifier 
Class B amplifier operates with the bias current at zero (Iq=O), and therefore the 
transistor conducts for a half of the input cycle resulting in a 180° conduction angle. 
Figure 2.10 shows the drain waveform of a class B amplifier. 
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Figure 2.10: Drain current waveform of class B amplifier 
A single-ended class B amplifier conducts for 50% of the input cycle and thus 
produces significant distortion. Therefore the class B is 2enerally arran¢ed a-. n 
push-pull configuration, which utilizes a second transistor to amplify the negative half 
cycle of the input signal. The configuration of a push-pull class B amplifier is shown 
in Figure 2.11. The DC supply efficiency of the push-pull class B amplifier can be 
written as Equation (2.16). The theoretical maximum efficiency of the class B 























Figure 2.11: Configuration of a push-pull class B amplifier 
The linearity performance of the push-pull class B is lower than the class A amplifiers 
because the cross-over distortion occurs when the transistor is turned on and off. 
Therefore to overcome the crossover distortion, a small voltage can be biased at gates 
of the complementary FETs. Since each transistor has a slightly higher conduction 
angle than a half cycle, when the input signal is close to zero, both transistors can 
conduct resulting in elimination of cross-over distortion. This configuration is called 
20 
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class AB amplifier. 
The DC supply efficiency of a class AB amplifier is between class A and B amplifier. 
Most commercial linear power amplifiers are implemented by class AB amplifier 
because it can provide higher efficiency than class A amplifier and higher linearity 
than class B amplifier. 
2.2.3 Class C amplifier 
Class-C amplifiers operate for significantly less than a half cycle and are implemented 
by using negative bias and the conduction angle is generally smaller than n12 to yield 
higher power efficiency. The drain current waveform is shown in Figure 2.12. The 
class C amplifier results in significant distortion of the input signal wave shaped 
during the amplification process and therefore a tuned filter is required to remove 
harmonics. 
lý 
Figure 2.12: Drain current waveform of class C amplifier 
The efficiency that can be achieved is theoretically 100%. In a practical RF 
application, class C amplifiers can achieve efficiency around 50-70%, but the IMD 
will achieve around -15dBc on two-tone test. It is used to amplify constant envelope 
signal, and it also can be a part of linearisation scheme for linear amplification such as 
Envelope Elimination and Restoration (EE&R) and Linear amplification using 
Nonlinear Components (LINC). 
2.2.4 Class D amplifier 
The class D amplifier uses two transistors as switches to generate square 
drain-voltage 
waveforms. The typical configuration of a complementary class D amplifier 
is shown 
in Figure 2.13. Figure 2.13(a) shows the schematic circuit and Figure 2.13(b) is the 
equivalent circuit. The RF input signal is fed to a splitter transformer which causes 
D, 
and D2 to be driven in anti-phase. Thus when Dl is turned on, 
D2 is turned off and vice 
21 
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versa. The result of this arrangement is equivalent to a changeover switch alternating 
between the supply and ground. The voltage across D2 is therefore a square wave 
alternating between OV and VDD, ideally with 50% duty cycle. The output tuned 
network consisting of Cot and I, will be accurately tuned to the fundamental 



















VOA 2 vmas 
0 
Figure 2.13: (a) Configuration of class D amplifier (b) Equivalent circuit 
Practical class D power amplifiers suffer from losses due to saturation, switching 
speed, and drain capacitance. Finite switching speed causes the transistors to 
be in 
their active regions while conducting current. Drain capacitances must be charged and 
discharged once per RF cycle, resulting in power loss that is proportional to 
VDn-312 
and increases directly with frequency [8]. 
Lou! 
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2.2.5 Class E amplifier 
Class-E amplifiers employ a single transistor operated as a switch. The simplest form 
of load network consists of a series tuned L-C circuit and a shunt capacitance across 
the drain and source junction shown in Figure 2.14. The shunt capacitance can be 
composed of the inherent junction capacitance of the transistor plus some additional 
capacitance to ensure correct circuit operation. Thus the transistor's inherent 








Figure 2.14: Class E amplifier configuration 
When considering the operation of the class-E amplifier, the transistor is assumed to 
operate as an ideal switch with zero on-resistance, infinite off-resistance, and zero 
slope of the drain voltage at the time when the transistor turns on. The drain-voltage 
waveform is the result of the sum of the DC and RF currents which charges the 
drain-shunt capacitance. Negative voltage and negative current are allowable. The 
result is an ideal efficiency of 100%, elimination of the losses associated with 
charging the drain capacitance in class D., reduction of switching losses, and good 
tolerance of component variation. Variations in load impedance and shunt susceptance 
cause the power amplifiers to deviate from optimum operation, which is discussed by 
Raab in [9]. 
The class E amplifier can be designed for fixed tuned operation over frequency bands 
as wide as 1.8: 1 and the operation frequency can be up to 5 GHz [10] and there are 
examples of amplifiers that operate in the K-band [ 11 ]. High-efficiency HF power 
amplifiers with power outputs up to 1 kW can be also implemented using low-cost 
MOSFETs [12]. This simple arrangement is suitable for application in multimodc 
systems, which need several power amplifiers operating in different bands and modes. 
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2.2.6 Class F amplifier 
Class F boosts both efficiency and linearity by using one or more harmonic resonators 
in the output network to shape the drain waveforms. Figure 2.15 shows that only a 
third harmonic resonator is added to the output network. The addition of harmonics to 
the fundamental frequency causes a flattening of the drain voltage waveform. The 
voltage waveform includes one or more odd harmonics and approximates a square 
wave, while the current includes even harmonics and approximates a half sine wave. 
Alternately, in an inverse class F, the voltage can approximate a half sine wave and 
the current is a square wave. 
+ Voo Z=R at fo 
Z=cz al f3 









VD Cl Lý R vo 
== I= 
Figure 2.15: Class-F amplifier configuration 
As the number of harmonics increases, the efficiency of an ideal PA increases from 
50% (class A) toward 100%. The required harmonics arise naturally from 
non-linearities and saturation in the transistor. While class F requires a more complex 
output filter than other power amplifiers, the overall drain impedance must be correct 
at only a few specific frequencies. 
A variety of modes of operation in between class C, E and F are possible. 
The 
maximum achievable efficiency depends upon the number of 
harmonics. The 
utilization factor depends upon the harmonic impedances and 




2.3 Linearisation Techniques 
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There are many techniques which can be used to linearise an amplifier, and these are 
usually categorized into four groups; feedback, feedforward, RF synthesis, and 
predistortion techniques. A number of these linearisation techniques will be discussed 
in terms of their linearity improvement, bandwidth, and power efficiency. 
2.3.1 Feedback Technique 
Feedback techniques extract a sample from the output signal, which is passed through 
a feedback network path and subtracted from the input signal. Feedback is a real-time 
continuous analogue process, which can compensate for changes caused by external 
effects. The feedback technique is suitable for arranging with nonlinear power 
amplifiers, such as Class C and Class E amplifiers, to achieve high power efficiency. 
The feedback technique can be generally classified as modulation feedback and RF 
feedback. The modulation feedback has to down-convert a sample of RF output signal 
to IF or baseband for carrying out the compensation. The polar and Cartesian 
feedbacks are belonged to modulation feedback. In contrast, the RF feedback 
compensates the nonlinear characteristics of the RF amplifier at carrier frequency. 
It is necessary to apply a large amount of feedback to maintain stability and therefore 
produce a high degree of linearity. However, to maintain the stability, the close loop 
gain of the system, with the feedback loop, is much lower than the open loop gain, 
without the feedback loop, this makes feedback technique inherently narrowband 
system. 
2.3.1.1 Polar Loop Feedback 
Polar loop feedback [13][14] feeds back the demodulated output signal and resolves 
into amplitude and phase components. The configuration is shown in Figure 2.16. The 
amplitude difference between the input and the output is used to control the gain of 
the modulation amplifier, usually by modulating the amplifier supply voltage. The RF 
amplifier is driven by a VCO which is controlled by the phase difference between the 
input and the output phase signal. The VCO also has the effect of modulating the 
phase signal to a RF signal. Hence the polar loop feedback forms a complete 
linear 
transmitter, rather than only a linear amplifier. This configuration is similar to the 
Envelope Elimination and Restoration (EE&R) transmitter which will be discussed 
later, and therefore, the polar loop feedback is often applied to linearise the amplitude 
distortion of an EE&R transmitter. 
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Modulation 
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Figure 2.16: Configuration of a polar loop feedback 
The polar loop feedback technique can significantly improve the linearity 
performance over a narrow band operation. Petrovic [ 13] achieved -55dBc of IMD in 
a two-tone test at a frequency of 168 MHz with I kHz tone separation. The main 
limitation of distortion cancellation is due to imperfections of the polar re-solver 
circuitry. The polar loop feedback is best suited to modulation schemes with low 
amplitude variation to avoid distortion due to envelope detection circuitry. 
Multi-carrier modulation schemes such as W-CDMA and OFDM modulations have 
high PAPR, and thus the polar loop feedback technique is difficult to achieve high 
linearity. Rey [15] utilized a digital signal processor (DSP) to generate the polar 
feedback path signal and achieved a maximum 7dB linearisation correction in IS-95 
WCDMA, with 1.2MHz bandwidth at 2GHz carrier frequency. 
2.3.1.2 Cartesian Loop Feedback 
In contrast to the polar loop technique, Cartesian loop feedback [16][17] resolves the 
modulation and demodulation signals into In-phase (I) and Quadrature-phase (Q) 
vectors, rather than amplitude and phase signals. A general configuration of the 
technique is shown in Figure 2.17. The input and the output Cartesian signals are 
subtracted to provide a loop error signal, which is then up-converted and applied to 
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Quadrature 
down-converter 
Figure 2.17: Configuration of a Cartesian loop feedback 
The technique has been used to provide excellent linearity over a narrow bandwidth at 
various carrier frequencies. Wilkinson [16] achieved IMD suppression of 45dB at 
900MHz and 30dB at 1.7GHz using a two-tone test signal with 5 kHz spacing. It is 
possible to use the technique over a wider band, but the loop gain has to be reduced to 
allow stable operation, and therefore the linearity performance is degraded compared 
with narrowband operation. Johansson [17] utilizing Cartesian feedback to linearise 
class C amplifier attained -40dBc and -45dBc of M-IMR in the application of the 
16-QAM modulation and the n/4 QPSK modulation respectively, which have 
bandwidth of 20 kHz and operated at 900MHz. 
2.3.1.3 RF Distortion Feedback 
Distortion feedback [ 18], shown in Figure 2.18, subtracts a sample of the RF output 
signal, which is adjusted by appropriate gain and phase, from a delayed version of the 
input signal to generate an error signal, which then combines with input signal. This 
results in cancellation of the distortion, without reducing the linear gain of the 
amplifier, which is different to polar and Cartesian loop techniques. However, only 
modest improvements in linearity have been achieved, Gajda [18] reported a 6dB 
improvement of IMD when the system was operated at 300MHz with a 10 MHz 
bandwidth. 
The method used to obtain the distortion products is the same as the first loop 
in a 
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feedforward system, and is not self-adapting. Thus, an additional adaptive circuit may 
be required in practice. 
Figure 2.18: Configuration of an RF distortion feedback 














Figure 2.19: Configuration of a Feedforward linearisation 
The feedforward linearisation technique was first proposed by Black in 1927 [19]. 
The configuration of the feedforward system is shown in Figure 2.19. The input signal 
is split into two paths, the main path (top) and the error signal path (bottom). The 
main path input signal passes through the amplitude and phase controllers and hence 
is fed into the main power amplifier, which amplifies the signal to the desired power 
level and generates intermodulation products. A portion of the amplified and distorted 
output signal is tapped via a directional coupler and subtracted from a delayed 
input 
signal in the error path to generate an error signal. Ideally, the error signal only 
contains the intermodulation products generated by the power amplifier without the 
28 
Time Delay Amplitude /Phase 
Controllers 
CHAPTER 2 POWER AMPLIFIERS AND TRANSMITTER TECHNIQUES 
original input signal. The error signal is then fed into amplitude and phase controllers 
to generate an anti-phase signal and hence is then amplified to the same level as the 
main path signal by the error amplifier. Finally a directional coupler combines the 
main path signal and error signal [20]. 
Some of the advantages and disadvantages of feedforward technique can be 
summarized as below: 
1. The feedforward technique can significantly improve the linearity of an amplifier 
over a wide bandwidth. 
2. Feedforward correction ideally does not reduce amplifier gain, which is in contrast 
to feedback systems in which linearity is achieved at the expense of gain. 
3. The feedforward technique is basically unconditional stable due to its open loop 
configuration. 
4. The matching between the two paths in both amplitude and phase must be 
maintained to a very high degree over the correction bandwidth of interest. 
5. A high level error signal is added to the output signal in order to cancel the 
distortion. The high level error signal does not add any useful output power, and 
thus the overall efficiency is reduced. 
6. To generate an accurate error signal, the error amplifier is required high linearity 
and generally implemented by class A or AB amplifiers resulting in low power 
efficiency. 
The efficiency of a feedforward amplifier is inherently lower than that of the main 
power amplifier, since the error amplifier is consuming power without producing 
useful output power. The overall feedforward efficiency is not only affected by the 
efficiencies of the individual amplifiers, but is also highly dependent upon the error 
injection coupling factor, and insertion loss of the time delay elements in the main 
signal path. The effect of the error injection coupling factor has previously been 
examined [21 ]. 
The choice of coupling factor affects both the main and error path losses. High values 
of coupling factor (e. g. 20dB), produce low main path loss, but large error path loss, 
and thus significant power is required from the error amplifier, reducing overall 
efficiency. Low values of coupling factor (e. g. 3dB), cause high main path 
loss, but 
small error path loss. While this requires lower error amplifier power than the 
former 
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2.3.3 RF Synthesis Techniques 
RF synthesis techniques have been proposed to provide linear transmission with the 
potential to achieve high power efficiencies. Practical problems are in their realization 
and their perceived complexity. 
In their basic configuration, no real-time control is utilized and hence the systems may 
be considered to be open-loop. However, practical circuits require some form of 
adaptation to maintain performance. Feedback techniques are usually used to improve 
the performance of the RF synthesis technique. Polar loop feedback maps well to the 
Envelope Elimination and Restoration (EE&R) transmitter, and Cartesian feedback 
may be more appropriate for LINC (LInear amplification using Nonlinear 
Components). 
2.3.3.1 LINC (Linear amplification using Nonlinear Components) 
The LINC technique [22][23][24] theoretically offers the potential of amplification 
with 100% efficiency over all power levels. It relies on the fact that a modulated RF 
signal, S(t), with amplitude and phase modulation is separated into two constant 
envelope and phase modulated signals, S1(t) and S2(t). Therefore, the signals S1(t) and 
S2(t) can be amplified by nonlinear but highly efficient power amplifiers and summed 
up at a high power levels by the power combiner. The basic LINC configuration is 
shown in Figure 2.20. 
SIN PA Constant 
envelope 
S(t) Signal Highly efficient 




Figure 2.20: Configuration of a LINC transmitter 
Considering an input signal, S(t), is given by: 
kS(t) 
S(t) = A(t) " cos[wt + O(t)] (2.17) 
Where A(t) is the modulated amplitude signal, and 0(t) is the modulated phase signal. 
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Then the input signal is split into two constant envelope phase modulated signals, Sj(t) 
and S2(t), which can be assumed as: 
S(t) = S, (t) + S2 (t) (2.18) 
S, (t) = 0.5 " Am cos [o), t+ O(t) + a(t)] (2.19) 
S2 (t) = 0.5 " Am cos[w, t + O(t) - a(t)] (2.20 
Substituting Equation (2.17), (2.19), and (2.20) into (2.18), thus 
A(t) cos[wt + O(t)] = 0.5 " A,  " 
{cos[w,. t + O(t) + a(t)]+ cos[w, t + O(t) - a(t)]} 





A(t) = Am " cos[a(t)] 
a(t) = cos-' 
A(t) (2.22) 
Am 
Thus, S1(t) and S2(t) must be successfully and accurately generated in order for the 
benefits of the LINC technique to be realized. Quadrature signal components are 
commonly provided by digital modulation formats. To achieve high accuracy split 
signals, Si(t) and S2(t), some implementations exploit DSP to generate S1(t) and S2(t) 






Figure 2.21: A LILAC transmitter implemented by digital modulation. 
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The mathematical expression assuming the input signal is provided in quadrature form 
as: 
S(t) = S, (t) + SQ (t) (2.23) 
Then the two LINC component signals may be defined as: 
S, (t) = S(t) + e(t) (2 24) 
S2 (t) = S(t) - e(t) (2.25) 
Where 
e(t) - -SQ (t) 21 -1 + j. Si (t) 
Fý2 
2 -1 (2.26) S, (t)+ 2 SQ(t) t )+SQ(t) 
There are two potential advantages of the LINC technique. Firstly, the ability of using 
nonlinear devices permits operation at high microwave and millimetre-wave 
frequencies. Secondly, using highly efficient power amplifiers results in very high 
efficiency. 
Except the advantages of high-efficiency and high operating frequency, the LINC 
technique also has some problems to be solved, these are summarized below: 
1. The constant envelope signal generator or splitter is hard to implement. However, 
the progression of digital signal processing can reduce this major part of hardware 
complexity. 
2. The bandwidth of the split constant envelope signals, S1(t) and S2(t), is generally 10 
or more times than that of the input signal, S(t). This disadvantage limits wide band 
operation required by modern modulation. 
3. The high-level combination of the amplifier outputs will cause a significant amount 
of power loss, and therefore reduce efficiency. 
The linearity of LINC is heavily dependent upon the accuracy of the signal separation 
process, particularly the generation of an accurate cos-'[ ] function on the amplitude 
and phase match of the two signals at the input to the final combiner. These factors 
have thus far limited the performance of the LINC amplifier using analogue 
processing; Cox [22] attained intermodulation products of -40dBc over I MHz 
bandwidth. 
The major part of the hardware complexity in the LINC can be implemented by 
digital signal processing, which generally works in baseband. The use of the DSP 
technique moves the system limitation on linearity performance from the signal 
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separator to the gain and phase match, which may be achieved in the RF path. Hetzei 
[23] achieved IMD levels of -60dBc at 170MHz frequency with 3.6 kHz two-tone 
separation, using a Class-C amplifier. However, a major issue of DSP implementation 
is the wider modulated signal bandwidths, which are typically 10 or more times the 
bandwidth of the input signal. This will impact the gain and phase matching of the 
two paths and therefore reduce the linearity. 
2.3.3.2 Envelope Elimination and Restoration (EE&R) 
The Envelope Elimination and Restoration (EE&R) technique was first proposed by 
Kahn in 1952 [25], who linearised a class AB power amplifier for SSB transmitters. 
The configuration of an EE&R transmitter is shown in Figure 2.22. The concept of the 
EE&R technique is separation of the input RF signal into two paths, one goes to the 
envelope detector to generate the envelope signal in baseband and another one goes to 
envelope limiter to generate the phase signal in RF band. Both envelope and phase 
signals are therefore amplified by highly efficient amplifiers generally implemented 
by switching amplifiers. The envelope restoration process is then implemented by 
modulating the supply voltage of the RF amplifier to produce a linear output. 
A (t) "cos(c)c(t) +O (t) 
J A(t) 
Envelope Envelope nvveelope Detector 
modulator 








Figure 2.22: Configuration of an EE&R technique 
Since the driven signal of the RF amplifier containing only phase information has a 
constant envelope, it is very suitable to be amplified by a nonlinear but very efficient 
amplifier, such as class C, D, E, and F amplifiers, which ideally can achieve 100% 
maximum power efficiency. For the envelope path, the envelope signal containing 
around 90% of DC signal and 10% of baseband AC signal can be amplified 
by either 
a switching amplifier such as class S or DC-DC regulator. Both can achieve around 
90% of the maximum power efficiency. The overall power efficiency 
is generally a 
product of the power efficiency of AF and RF amplifiers. 
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The main advantage of the EE&R technique is inherently high power efficiency. 
Besides the configuration of the EE&R technique is an open-loop structure implying 
that the EE&R transmitter is unconditionally stable. However it also has some 
problems to be solved. 
1. The time differential between envelope and phase paths produces a major distortion. 
It is dependent of the bandwidth of the input signal. The wider bandwidth the input 
signal has, the smaller the tolerance of time difference is needed. 
2. The bandwidth requirement of the envelope and phase signal is generally 3-4 times 
that of the input signal. 
3. Due to the supply voltage variation of the RF amplifier the VDD/AM and VDWPM 
conversions are produced, where VDD is the supply voltage of the RF amplifier. 
4. The envelope detector and limiter will introduce additional distortion. 
Using an EE&R amplifier with a Class-E amplifier, Kahn [25] achieved an average 
efficiency exceeding 50% while maintaining IMD below -30dBc in a two-tone test. 
Su [26], integrating many of the functions of the EE&R transmitter in CMOS 
technology, reduced first and second adjacent channel powers (M-IMR) below -30dBc 
and -48dBc respectively using n/4-QPSK modulation, at 835MHz. 
2.3.4 Predistortion Technique 
Predistorter Amplifier 
x(t w(t) y(r) 
Predistortion Amplifier 
Figure 2.23: Configuration of predistortion amplifier 
Predistortion is basically the simplest form of linearisation technique 
for an RF power 
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amplifier. A general block diagram of a predistortion amplifier is shown in Figure 2.23. 
This technique utilizes a nonlinear circuit, the predistorter, cascaded before the power 
amplifier. The transfer characteristic of the predistorter has an approximate inverse 
function of the power amplifier, and therefore the synthesized output characteristics 
become linear. Since the configuration of the predistortion technique is an open-loop 
system, it is naturally unconditional stable. However it does not inherently adapt to 
changes of the system characteristics, such as temperature change. Therefore, to 
achieve the optimal linearity performance, it is necessary to use an adaptive control 
circuitry to adjust the changes of system characteristics. 
Predistortion can be divided into two broad categories, adaptive baseband 
predistortion and RF/IF predistortion. Adaptive baseband predistortion is generally 
implemented by using DSP technology in baseband. If the operating frequency is as 
high as RF or IF, the DSP cannot generate such a high frequency output signal. So a 
predistorter operating at RF/IF frequencies is generally implemented by using 
analogue components. The analogue systems have more complex designs than the 
DSP techniques. 
2.3.4.1 Adaptive Baseband Predistortion 
Adaptive baseband predistortion uses a DSP to calculate the coefficients of the 
predistorter required to produce a linear output [27] [28] [29] . The configuration of 
adaptive baseband predistortion is shown in Figure 2.24. Like the Cartesian feedback 
technique, it is also a complete transmitter linearisation technique. Since the input 
signal operates in baseband, the predistortion system incorporates the up-conversion 
process. Another similarity to Cartesian feedback lies in the common use of 
quadrature signals for both up-conversion and down-conversion, and for the actual 
predistortion process. 
The digital signal processing generally contains the complex weighting functions, 
which may be constructed in many ways but typically formed from look-up tables of 
complex weighting coefficients at various amplitude levels. The look-up tables are 
established by comparing the input and the down-converted RF output signal. The 
coefficients of the look-up table may be updated when the input and output signals 
have a light of difference. The major disadvantages of the adaptive predistortion are 
firstly the high power consumption of the ADC, DAC, and DSP, and secondly the 
large memory requirement. The adaptive baseband predistortion 
is often arranged 
with other linearisation to improve the linearity. 
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down-converter 
Figure 2.24: Block diagram of adaptive Baseband predistortion 
2.3.4.2 RF/IF Predistortion 
RF predistortion refers to a predistortion network being implemented at the carrier 
frequency, whereas IF predistortion is implemented at intermediate frequency (IF) and 
then unconverted to the carrier frequency. The predistortion element is usually in 
analogue form to achieve the required bandwidths. A fundamental advantage of RF/IF 
predistortion is its ability to linearise the entire bandwidth of the power amplifier or 
the system simultaneously. It is therefore ideal for use in wideband multicarrier 
systems. With traditional predistortion systems, the achievable linearity improvement 
is modest, by comparison with a feedforward technique or a feedback technique. 
However it is adequate for many applications with other linearisation schemes. 
The characteristics of the predistorter are generally non-adaptive; unlike in baseband 
predistortion, therefore, the performance does tend to degrade with environmental 
effects. Some adaptive RF and IF predistortion techniques have been proposed 
[30] [31 ], although these tend to be relatively unsophisticated, and only adapt slowly. 
Polynomial Predistortion 
Recently, the use of polynomial predistortion as an aid to the feedforward correction 
process has been suggested [32]. This system achieves greater levels of linearity 
improvement. Due to the open loop operation this type of predistortion has the 
potential for good broadband performance. A general block diagram representation of 
polynomial predistortion is shown in Figure 2.25. The polynomial predistortion 
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polynomial predistorter reduces the cubic IMDs of the amplifier and 5th order 
polynomial predistorter reduces the 5thorder IMDs of amplifier, and so on. Therefore, 
the system with more high order predistorters will have better IMD suppression. 
However, it is difficult to achieve high-order predistorters at RF due to the 
non-linearity of the analogue components. The highest order of predistorters which 














Controller Controllers Buffer 
Amplifier 
Figure 2.25: Block diagram of polynomial predistortion 
The moderate improvements in non-linearity achieved were generally due to the poor 
matching of the optimum predistortion function with the amplifier non-linearity by 
using nonlinear analogue components. In Morris's research [33], the 3`d order IMP can 
be improved by 18dB at 850MHz and a 25dB improvement was achieved at 100MHz 
using a two-tone test. 
Piecewise Linear Predistortion 
The piecewise linear predistortion (PLP) [34] exploits appropriate numbers of 
segments to fit the ideal characteristic of the predistorter which is the inverse function 
of the nonlinear characteristics of the power amplifier. In theory, the PLP has an 
approximately ideal predistortion characteristic if the predistorter uses enough 
linear 
segments. A general PLP characteristic is shown in Figure 2.26. 
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Figure 2.26: PLP basic characteristic 
A general first order equation of the PLP is given below: 
[rFP(A[fl + 
1])- Fp(A[n]) FP(A) 
A[n+1]-A[n] 
(A-A[n])+FP(A[n]) (2.27) 
where A is the input amplitude, n is the nth segment, and Fp( ") is the transfer function 
of the predistorter. 
This is a very general form of predistorter, as it can linearise any form of nonlinear 
characteristic and is not restricted to the number of orders of distortion which it can 
remove as polynomial predistortion. The main disadvantage of the technique is in its 
relative complexity, particularly in terms of the adjustment procedure. The variables 
which must be adjusted are the various slopes of the linear segments and the switch 
points between each segment. Parsons [34], in his simulation achieved around -30dBc 
of IMD suppression when a first order with 4 segments of the PLP was applied to a 
class C amplifier. 
2.4 Summary and Discussion 
The most significant power amplifier and linearisation techniques have been 
introduced in this chapter. Requirements of the power amplifier for IEEE802.11 g 
application include high linearity, high power efficiency, and wide bandwidth 
(16.25MHz). However these features are generally a trade-off to each other. Table 2.1 
summarizes some significant performance parameters of the linearisation techniques 
discussed in the previous sections; where narrow shown in the bandwidth column 
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represents relatively narrow bandwidth when compared to 16.25MHz. 
Linearity (INID) Bandwidth 
Power 
efficiency 
Polar loop feedback -55dBc Narrow Medium 
Cartesian loop feedback -30---45dBc Narrow Medium 
Distortion feedback 6dB improvement Narrow Medium 
Feedforward -75dBc Wideband Low 
LINC -40---6OdBc Wideband High 
EE&R -48dBc Wideband High 
Adaptive baseband 
-60dBc (Simulation) Wideband Low predistortion 
Polynomial predistortion -40dBc Wideband Medium 
Piecewise linear 
-30dBc (Simulation) Wideband Medium predistortion 
Table 2.1: The features of the linearisation techniques 
The inherent disadvantage of the feedback linearisation technique is its narrow 
bandwidth of operation, which makes it not suitable for an IEEE802.11 g application. 
Although IMD suppression of -55dBc can be achieved in a narrow band two-tone test, 
for a WCDMA application the IMD improvement is less than 7dB [15]. That means 
the feedback linearisation scheme has limited use when applied to wideband 
transmission. Due to this critical drawback, the feedback linearisation technique will 
not be considered. 
Feedforward linearisation technique offers excellent improvement in linearity with 
wideband operation. However, the major disadvantage of feedforward technique is 
low power efficiency. Therefore this technique is unsuitable. 
The LINC technique can achieve excellent power efficiency and fair linearity. 
Although using a DSP to generate split signals can increase accuracy and reduce the 
complexity of the signal splitting circuit, the bandwidth of the split signals is 10 or 
more times than that of the input signal. In other words, for an IEEE802.11 g 
application the bandwidth requirement will be at least 200MHz, and therefore it will 
become difficult to maintain the match of the gain and phase in RF circuit design over 
such a wide bandwidth operation. This problem makes the LINC be unsuitable 
for 
IEEE802.11 g application. 
The EE&R transmitter provides excellent power efficiency and reasonable linearity. 
In practice, it still suffers some distortion sources resulting in distortion 
increase. 
However, it can be combined with other techniques to increase linearity such as 
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feedback and predistortion techniques. In addition, generating the envelope and phase 
signal in baseband can increase accuracy and reduce distortions. Although the 
separated envelope and phase signals require around 3-4 times bandwidth higher than 
that of input signal, modern RF components could achieve such bandwidth 
requirement. Therefore the EE&R technique seems a possible solution for high PAPR 
signals. 
The adaptive baseband predistortion techniques can potentially provide excellent 
linearity improvement. However, if an additional DSP is required for predistortion 
calculation, the overall power consumption will be increased. This technique is 
usually combined with other techniques to improve linearity. 
The RF/IF predistortion linearisation technique generally provides modest IMD 
suppression; however, its basic structure is suitable for wide bandwidths at high 
frequencies due to its open loop operation. Using nonlinear but high efficient power 
amplifiers, such as Class-C amplifiers with RF/IF predistortion will increase the 
power efficiency. Furthermore, because the predistorter utilizes analogue circuitry, it 
does not consume much power. 
2.5 Conclusion 
To achieve high power efficiency, nonlinear but highly efficient power amplifiers 
should be considered to be applied in the transmission chain, such as Class C and 
switching amplifiers. Using DSP provides many possibilities for reducing the 
complexity of analogue hardware design, and results in significant improvements in 
the linearity performance. 
A nonlinear amplifier with predistortion linearisation scheme is a possible solution to 
provide highly efficient amplification for IEEE802.11g applications. Parsions [34] has 
done some simulations of the PLP used to compensate a Class-C amplifier. In the next 
chapter the PLP linearisation will be further analyzed and it will also be simulated to 
determine whether the PLP is suitable for IEEE802.11 g application. 
The EE&R linearisation technique provides high power efficiency. The combination 
of an EE&R transmitter and predistortion techniques is also a possible solution to 
achieve both high power efficiency and linearity. In Chapter 5, the EE&R transmitter 
will be further discussed. Some distortion sources will be simulated and the possible 
solutions will be provided. 
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This chapter describes the implementation of the Piecewise Linear Predistorter (PLP) 
and discusses the linearity and power efficiency of a class C amplifier linearised by 
the PLP. To implement the PLP, firstly the nonlinear models of the amplifier and the 
predistorter have to be introduced. Secondly the ideal transfer characteristics of the 
predistorter will be discussed. Then the different types of the PLP and possible 
implementation circuits will be discussed. Finally the performance estimation of a 
class C amplifier linearised by the PLP in terms of spectral re-growth measurement, 
EVM measurement, and power efficiency analysis will be introduced. 
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3 Piecewise Linear Predistortion 
The piecewise linear predistortion (PLP) [1] has been briefly introduced in Chapter 2. 
Its main characteristics including wideband operation and significant linearity are 
suitable for wideband and high Peak-to-Average Power Ratio (PAPR) modulation 
schemes, such as W-CDMA and OFDM. To increase the system power efficiency a 
class C amplifier used with PLP technique may be considered to increase both power 
efficiency and linearity. The PLP also can be arranged with other linearisation 
schemes, such as EE&R transmitter and feedforward technique, to further improve 
linearity. In this chapter the PLP technique is used to compensate the distortion 
produced by a class C amplifier when an IEEE802.11 g signal is applied to the system. 
Firstly the nonlinear model of a class C amplifier will be introduced, and secondly an 
ideal predistortion curve fitting technique for computer simulation will be discussed. 
Then the concept of the PLP technique will be further discussed, and the possible 
types and implementation circuits will be presented. Finally the simulation results of a 
class C amplifier compensated by the PLP in terms of spectral re-growth, EVM 
measurement and power efficiency analysis will be discussed. 
3.1 Nonlinear Models 
The nonlinear models of the amplifier are often simplified by assuming no memory 
effect (memoryless model). The memoryless system has no knowledge of past events 
and thus the present output signal is only a function of the present input signal. When 
a RF power amplifier is modelled by the memoryless nonlinear model, the 
characteristics of primary interest are the amplitude to amplitude conversion (AM/AM) 
and amplitude to phase conversion (AM/PM). 
Two types of nonlinear models are generally used to represent the nonlinear 
characteristics of the power amplifiers, one is the polar form and another one is the 
quadrature form [2][3]. The polar form nonlinear model can be represented by the 
AM/AM and AM/PM conversions, and the quadrature nonlinear model is converted 
from the polar form model, which transfers the amplitude and phase distortions into 
in-phase amplitude distortion and quadrature amplitude distortion. The quadrature 
model allows the predistorter to deal with both amplitude and phase distortion. 
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3.1.1 Polar Form Nonlinear Model 
Consider an amplitude and phase modulated signal, x(t), that can be described by 
Equation (3.1), where A(t) and 0(t) represent amplitude and phase modulations 
respectively and co is carrier frequency in radians. 
x(t) = A(t) " cos(wvt + O(t)) (3.1) 
When x(t) is applied to a nonlinear process, the distorted output, y(t), can be 
represented as: 
y(t) = F[A(t)] " cos(o t+ O(t) + G[A(t)]) (3.2) 
Where the F[. ] is described as an amplitude distortion (AM/AM conversion), and G[. ] 
represents a phase distortion (AM/PM conversion). The configuration of the polar 
form nonlinear model is shown as Figure 3.1. 
x(t) = A(t) " cos(wt + O(t) 
A(t) " cos(wt + O(t) + G[A(t)]) 
i AM/PM AM/AM 
G[A(t)] F[A(t)] 
y(t) = F[ A(r)] - cos(wr + O(r) + G[ A(r) 
Figure 3.1: Polar form nonlinear model 
The memoryless AM/AM and AM/PM characteristics of a typical class C amplifier 
are shown in Figure 3.2 [2], where the solid lines are the practical characteristics and 
the dotted lines represent the ideal characteristics of a linear power amplifier. It can be 
found that the class C amplifier has a heavily nonlinear characteristic when the input 
amplitude is at low level. That is because the class C amplifier operates with a 
conduction angle below 90° and thus the active device is in the pinch-off region 
resulting in both amplitude and phase non-linearity. 
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3.1.2 Quadrature Form Nonlinear Model 
The distorted output, y(t), from Equation (3.2) may be expanded as: 
y(t) = F[A(t)] " cos(G[A(t)]) " cos(tvt + O(t)) 
- F[A(t)] " sin(G[A(t)]) " sin(wt + O(t)) 
(3.3) 
This can be described as quadrature components by: 
y(t) = P[A(t)] " cos(Cvt + O(t)) - Q[A(t)] " sin(wt + O(t)) (3.4) 
where 
P[A(t)] = F[A(t)] " cos(G[A(t)]) (3.5) 
and 
Q[A(t)] = F[A(t)] " sin(G[A(t)]) (3.6) 
The P["] and Q["] represents the in-phase and the quadrature phase AM/AM 
conversions respectively. The quadrature nonlinear model can be described by Figure 
3.3. 
In-Phase 
P[A(t)] - cos(Ca + O(t)) 
P[A(t)] 
x(t) = A(t) " cos(ca + O(t Y 
90 0 Quadrature Q[A(t)} 
- Q[A(t)] - sin(Crr +O(t)) 
Figure 3.3: Quadrature form nonlinear model 
If the AM/PM conversion is small, such as for class A or AB power amplifier which 
have small phase shift, thus the approximate characteristics of the quadrature model 
can be described as 
P[A(t)] F[A(t)] (3.7) 
Q[A(t)] = F[A(t)] " G[A(t)] 
A quadrature model of a typical class C amplifier is shown 
in Figure 3.4. 
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Figure 3.4: Quadrature nonlinear characteristics of a class C amplifier 
3.1.3 Complex Representation 
To simulate the modulated signals, the complex representation can reduce the 
calculation requirements during simulation [1][2]. A complex bandpass signal with 
amplitude and phase modulation can be generally represented as: 
x(t) = A(t) " eicca+mc'» (3.8) 
Where A(t) is amplitude modulation and O(t) is phase modulation. Therefore a 
distorted output signal modelled by polar form, y(t) can be described as: 
y(t) = F[A(t)] " ej{(a+0cr>+G(Ac1») 
= F[A(t)] " ei(ctA(1 l) " eitca+0(1)1 (3.9) 
_ {F[A(t)] " cos(G[A(t)]) +j" F[A(t)] " sin(G[A(t)])}" eit"+m(t)1 
Where F[. ] and G["] are represented as AM/AM and AM/PM conversions respectively. 
The configuration of the complex polar form nonlinear model is shown in Figure 3.5. 
Figure 3.5: Complex polar form nonlinear model 
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The quadrature form of nonlinear model can be thus written as: 
y(t) = {P[A(t)] +J" Q[A(t)]}" etc ' cß» (3.10) 
Figure 3.6 shows a configuration of a complex quadrature form of nonlinear 
characteristic model. 
N"0 rn 
Figure 3.6: Complex quadrature form nonlinear model 
3.2 Ideal Predistortion 
3.2.1 Ideal Characteristics of a Predistorter 
The general configuration of a predistortion amplifier can be represented by Figure 
3.7. The Fp(") and FA(") shown in the figure represent the transfer characteristics of the 
predistorter and the amplifier respectively. The transfer characteristic of the 
predistorter is used to reduce the distortions due to the non-linearity of the amplifier. 
Predistorter Amplifier 
xýr Fa(-) W(t) Fa(') v(d 
Figure 3.7: Configuration of a predistortion amplifier 
An input signal, x(t), is applied to the predistorter which has a transfer characteristic 
Fp("), and therefore generates the output signal, w(t), which can be written as: 
w(t) = Fp (x(t)) (3.11) 
The output of the predistorter is then applied to an amplifier having a transfer 
characteristic, FA("). generating an output signal, v(t). 
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y(t) = FA (w(r)) 
Substitute (3.11) into (3.12) 
y(t) = FA (FP (x(t))) 
(3.12) 
(3.13) 
If the output is required to be a linear amplification of the input signal, then v(t) 
should have a constant gain, k, as described in Equation (3.14). 
y(t) =k" x(t) (3.14) 
Substitute (3.14) into (3.13), then the transfer characteristic of the predistorter is 
required to be: 
k" x(t) = FA (FP (x(t))) 
Fp (x(t)) = FA (k " x(t)) 
(3.15) 
Thus, the ideal transfer characteristic of predistorter is the inverse transfer 
characteristic of the amplifier. 
The ideal characteristics of predistorter in terms of AM/AM and AM/PM conversion 
are now derived. Consider a complex input signal with amplitude and phase 
modulation, x(t), expressed as: 
x(t) = A(t) " eic(a+mc1» (3.16) 
When x(t) is applied to the predistorter, the output of the predistorter, w(t), will be 
predistorted by AM/AM conversion, Fp["], and AM/PM conversion, Gp["], thus 
w(t) = FP [A(t)] - e'GP [Act)] . eic +mct» (3.17) 
The output of the predistorter, w(t), is therefore applied into the amplifier to generate a 
distorted output signal, y(t), as (3.18), where FA[-] and GA["] represent AM/AM and 
AM/PM conversions of the amplifier respectively. 
Y(t) = FA[FP[A(t)]) " e'(GA[FP[A(t)]>+GP[A(t)]) . eicax+mct» (3.18) 
Linear amplification requires a constant gain k and constant phase shift 0, and thus the 
linear output y(t) should become 
y(t)=k-x(t)"e'B=k"A(t)"eie. eicax+mct» (3.19) 
Comparing (3.18) and (3.19) can found that: 
k" A(t) = FA[Fp[A(t)]) (3.20) 
B= GA [Fp [A(t)]] + GP [A(t)] 
Thus, the AM/AM conversion of the predistorter is required to be 
FP[A(t)] = FA-'[k - A(t)l (3.21) 
and the AM/PM conversion of the predistorter is required to 
be 
PIECEWISE LINEAR PREDISTORTION 
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GP[A(t)] = e-GA[FP[A(t)]] 
=9-GA[FA'[k " A(t)]] 
(3.22) 
3.2.2 Ideal Characteristic Curve Fitting 
It can be found from Equation (3.21) that the ideal transfer characteristic of the 
predistorter is an inverse function of the nonlinear characteristic of the amplifier. 
There are many algorithms to tailor the nonlinear characteristics. They can be 
categorized into parametric and nonparametric fitting functions [4]. The parametric 
models which are often used are Exponentials, Fourier Series, Gaussian, Polynomials, 
and Power Series. The nonparametric fitting functions are Interpolation and 
Smoothing Spline. If modelling the transfer characteristics of the amplifier by these 
fitting functions, it will become difficult to directly convert the nonlinear 
characteristics to the inverse characteristics. To get the inverse characteristic of the 
amplifier, a look-up table of the inverse characteristic has to be established, and then 

















0 0.05 0.1 0.15 0.2 0.25 0.3 x(i) 






Figure 3.8: Illustration of how to obtain the ideal transfer characteristic of the 
predistorter 
Figure 3.8 shows an illustration of how to obtain the ideal transfer characteristic of 
the 
predistorter, where i and j are iteration numbers, x(i) 
is the input amplitude, v(i) is the 
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nonlinear output amplitude, s(i) is an ideal linear output amplitude, and w(i) is the 
ideal inverse characteristic of the amplifier. There are 4 steps to establish the look-up 
table of the inverse characteristic, which are referred from Equation (3.21). First 
sweep the input amplitude, x(i), to get the corresponding linear output amplitude, s(i). 
Second, search the nonlinear output amplitude, y(j), which has the closest level to s(i). 
Third, mapping the value of y(j) to get the corresponding x(j), and finally setting 
w(i)=x(j). 
It has to be noted that the maximum x(i) of the inverse function depends on s(i) which 
has the same level with the saturation level of the nonlinear output amplitude. 
Therefore the maximum input amplitude of the predistorter will be limited due to the 
saturation of the amplifier. In Figure 3.8, the maximum input amplitude of the 
predistorter is limited to around 0.44 V. 
When a look-up table of the inverse characteristic has been established, it can be then 
fitted by parametric or nonparametric fitting functions. The curve fitting toolbox of 
Matlab, produced by Mathwork, can easily achieve the curve fitting of the nonlinear 
characteristics. In simulation, the polynomial function was adopted due to its few 













Curve Fitting ---- ---- ------ I 






0 0.1 0.2 0.3 0.4 
Input Amplitude 
0.5 
Figure 3.9: Comparison of look-up table and curve fitting 
Figure 3.9 shows the look-up table characteristic and the curve 
fitting characteristic of 
the inverse AM/AM conversion of the class C amplifier. 
The curve fitting 
characteristic used 5 orders of polynomial 
function to fit the look-up table of the 
inverse function. The equation and parameters of the polynomial function 
is shown in 
Equation (3.23). 
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w=0.35 + 2.16x - 22x2 + 140.44x3 - 402x4 + 436.92x5 (3.23) 
The polynomial function achieves high fitting ability. The SSE (Sum of Squares due 
to Error), a statistical measurement of the total deviation of the response values from 
the fit to the response values, can achieve a value of 0.002, a value closer to 0 
indicates a better fit. 
3.3 Piecewise Linear Predistortion 
The piecewise linear predistorter (PLP), which has been briefly introduced in Chapter 
2, uses appropriate numbers of segments to tailor the ideal characteristics of the 
predistorter. The PLP is a kind of interpolation curve fitting method. In theory, the 
PLP has an approximately ideal predistortion characteristic if the predistorter uses 
enough segments. A first-order general equation of the PLP is given below, where A is 
the input amplitude, n is the nth segment, and Fp(" ) is the transfer characteristic of the 
predistorter. 
Fp (A) = 
Fp (A[n + 1]) - Fp (A[n]) (A - A[n]) + Fp (A[n]) A[n+1]-A[n] 
(3.24) 
N-segments of the first-order PLP equation can be expanded and given as below 
Fp (A) =< 
Fp(A[1]) 
. A+Fp(0) 0<_A<_A[1] A[1] 
Fp(, 42])-FP(A1]) 
. (A_A1])+Fp(A[1]) A[1]!! ý A<A[2] A[2] -A[1] 
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Figure 3.10: Zero-order and Higher-order PLPs 
Other orders of the PLP are also possible to be applied such as zero-order and 
higher-order PLP. However, the zero-order PLP cannot achieve a good fit to the ideal 
characteristic and the higher-order PLP is too complicated to allow adjustment of the 
parameters in practice. Figure 3.10 shows an illustration of the zero and higher orders 
of the PLP. 
3.3.1 Practical Architectures of the PLP 
In practice, the PLP can be implemented by attenuators or amplifiers with additional 
biased diode networks [5][6][7]. The diodes are biased at different levels, and 
therefore the diodes are switched on at particular levels resulting in an alteration of 
the transfer characteristic of the circuit and hence implementing the piecewise linear 
characteristics. Figure 3.11 shows an attenuation form of the PLP implemented by a 
resistor-diode network (RDN). This form of the PLP can only realize a specified 
monotonically increasing convex transfer characteristic, and the output amplitude can 
only be below the input amplitude. 
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Figure 3.11: Attenuation form of the PLP 
An alternative method is implemented by an operational amplifier with resistor-diode 
networks shown in Figure 3.12, where the box RDN refers to the network inside the 
dotted line in Figure 3.11. This form of the PLP can achieve both attenuation and 
amplification transfer characteristics. The amplifier form of the PLP can synthesize 
any convex, concave, and sum of the convex and concave curves. 
Figure 3.12: Synthesis using operational Amplifier 
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3.3.2 Equal and Adaptive Length Segments of the PLP 
To optimize the linearity of the predistortion amplifier, the switching knots of the PLP 
must be carefully chosen. Two types of linear segments are simulated, one is the equal 
length segment type and another one is the adaptive length segment type. The equal 
length segment PLP divides the input amplitude into a number of equal length 
segments. This type of the PLP has relatively simple structure compared with the 
adaptive length segment type. It can provide an evaluation of minimum numbers of 
segments which have to be applied for achieving best compensation. The equal length 
segment PLP is suitable for modest changes of the transfer characteristics. For a 
transfer characteristic with greater variation, to achieve high compensation a large 
number of segments have to be used resulting in increase of circuit complexity. An 
insufficient number of segments applied to a transfer characteristic with great 
variation will result in poor compensation at the turning point of the transfer 
characteristic. Besides in the linear region too many segments will be applied 
resulting in excessive use of segments. However the advantage of the equal length 
segment PLP is that it can be used for transfer characteristic change due to 
environmental changes. 
To achieve the best compensation with fewer numbers of segments, the adaptive 
length segment of the PLP may be applied. The knots between segments were chosen 
by experience. It applies more segments to the very nonlinear region and fewer 
segments to the linear region. The disadvantage of the adaptive length segment PLP is 
bad compensation due to transfer characteristic changes. Figure 3.13 shows the 
transfer characteristic fitted by equal and adaptive length segment types of the PLP. It 
can be observed that the adaptive length PLP can provides better fitting with ideal 
characteristic, especially at nonlinear regions. 
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3.4 Linearisation of a class C amplifier by PLP 
3.4.1 Circuit Simulation of a Class C Amplifier 
To analyze the performance of a class C amplifier compensated by PLP in terms of the 
linearity and power efficiency, a circuit simulation of a class C amplifier is carried out 
by using Agilent's commercial product, Advanced Design System (ADS). Figure 3.14 
shows a circuit simulation of a class C power amplifier at 2.4GHz. The active device 
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The class C amplifier operates with less than half a cycle and uses a tuned filter to 
remove harmonics. The conduction angle is smaller than 90° to yield a high power 
efficiency and resulting in significant distortion of the input signal wave shape during 
the amplification process. 
Figure 3.15 shows the nonlinear characteristics of the class C amplifier in terms of 
AM/AM and AM/PM conversions, where the solid lines are practical characteristics 
and the dotted lines represent the ideal characteristics. In the AM/AM conversion, 
when the input signal is below the level of the conduction angle, the active device of 
the class C amplifier will be pinched-off resulting in the creation of strong harmonic 
distortions in the spectrum. Besides it can be observed that the I dB compression 
occurs around 0.4V of the input amplitude. For the phase distortion, AM/PM 
conversion, the maximum phase shift is around 55° when the input amplitude is 
around 0.05V. The maximum phase difference is around 12°. The phase distortion also 
generates high distortion resulting in poor linearity. For a linear amplifier, the gain 
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AM/PM conversion 
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Figure 3.15: AM/AM and AM/PM conversion of the class C amplifier 
3.4.2 Simulation Procedure of a Predistortion Amplifier 
Since the simulation of the performance evaluation is carried out by MATLAB, the 
significant characteristics of the class C amplifier, such as AM/AM and AM/PM 
conversions, DC power consumption, have to be exported from ADS and imported to 
MATLAB. To compensate both amplitude and phase distortions, the transfer 
characteristics have to be converted into quadrature form so that the AM/AM and 
AM/PM conversions can be compensated by dealing with two AM/AM conversions, 
the P channel and the Q channel. Therefore two PLPs compensating individual P 
channel and Q channel respectively are necessary. The system configuration of the 
predistortion amplifier is shown in Figure 3.16. The quadrature model of the 
predistorter is cascaded before the polar model of the class C amplifier to achieve 
linear characteristics at the output. 
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Figure 3.17: Polar form of the predistorter 
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Figure 3.18: Quadrature form of the predistorter 
The ideal polar form characteristics of the predistorter are transferred from AM/AM 
and AM/PM conversions of the class C amplifier, and then the polar form 
characteristics of the predistorter are thus converted to quadrature form. Figure 3.17 
and Figure 3.18 show the ideal transfer characteristics of the predistorter in polar form 
and quadrature form respectively. The ideal quadrature characteristics of the 
predistorter are the objective curves to be fitted by the PLP. 
3.5 Simulation results 
In the simulation, the two-tone test signal and the IEEE802.11 g OFDM signal which 
is modulated with different constellation were applied to the system to evaluate the 
linearity performance. The average power level of the input signals was driven to a 
specific level when the peak amplitude of the input signals achieves the maximum 
input permission of the PLP, which is 0.4V. To achieve higher linearity, the adaptive 
length segment of the PLP was used during the simulation. The transfer characteristics 
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of the PLP are shown in Figure 3.19. It can be observed that the P channel and Q 
channel used 5 and 6 linear segments to fit the ideal in-phase and quadrature 
characteristics respectively, because the in-phase characteristic has a more modest 
curve than the quadrature characteristic. 
The linearity performance of the adaptive length segment PLP significantly depends 
on the choice of the switching knots of the transfer characteristics. Carefully choosing 
the knots and the numbers of the linear segments will lead the PLP to achieve an 
approximately ideal predistorter. The knots were chosen by experience. The nonlinear 
regions should be applied more segments and the linear regions can be applied fewer 
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Figure 3.19: The transfer characteristics of the PLP implemented to the system 
3.5.1 Two-tone Test 
The two-tone test signal in the simulation has 20MHz tone separation operating at 
2.4GHz. The ideal predistorted envelope of the two-tone test signal is shown in Figure 
3.20. It can be observed that the predistorted peak envelope was around 30% higher 
than the input envelope, because the class C amplifier has a heavily saturated 
characteristic. In the lower level amplitude, the predistorted envelope has small 
deviation due to the pinch-off effect when the input signal is lower than the bias level 
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Figure 3.20: Ideal envelope of predistorter. 
Figure 3.21 shows the envelope comparison of the ideal predistorter and the PLP. The 
transfer characteristics of the PLP are the quadrature model shown in Figure 3.19. It 
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Figure 3.21: Envelope comparison of the ideal predistorter and PLP 
Figure 3.22 shows the spectrum of the class C amplifier without and with the PLP 
compensation, where IM3 represents the 3`d order IMD, IM5 represents the 5th order 
IMD, and so on. It can be observed that with the PLP, IM3 can be improved from 
-20dBc to -31 dBc, an 
11 dB improvement, and IM5 and IM7 also have around 16.4dB 
and 19.1 dB improvements. It can be found that the higher orders of 
IMDs have more 
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Figure 3.22: Spectrum of the class C amplifier and the class C with PLP 
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Figure 3.23: M-IMR and ACPR with different numbers of segments 
In the simulation, the IEEE802.11 g OFDM signal was modulated with different 
constellation signals. They are QPSK, 16QAM, and 64QAM. The bandwidth of the 
OFDM signal is 16.25MHz at a centre frequency of 2.4GHz, and the PAPR is about 
12dB, which corresponds with the IEEE802. llg standard. Figure 3.23 shows the 
M-IMR and the ACPRs with different numbers of segments in which the PLP is 
implemented by equal length segment transfer characteristics. It can be found that 
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when the numbers of segments exceeds 6, the M-IMR cannot be further improved. 
However, the ACPRs can be reduced when the numbers of segments are increased. 
Figure 3.24 shows the spectrum of the class C amplifier without and with the PLP, 
where the OFDM signal was modulated by QPSK. In this simulation, the transfer 
characteristic of the PLP was implemented by an adaptive length segment shown in 
Figure 3.19. Since the PAPR depends on the numbers of subcarriers, even when the 
OFDM signal is modulated with different constellation, the spectrum performance 
will be very similar. From Figure 3.24 it can be observed that without the PLP M-IMR 
is -21.1dBc and the ACPR is 24.3dBc, which is much higher than the transmission 
mask of the IEEE802.11 g standard. When the class C amplifier was compensated by 
the PLP, the M-IMR was reduced to -29.2dBc, an 8.1 dB improvement, and the ACPR 
can be suppressed to around -37dBc, a 12.7dB improvement. The spectral re-growth 
is lower than the transmission mask and it is therefore suitable for transmission. 
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Figure 3.24: The spectrum of QPSK OFDM with and without PLP compensation 
3.5.3 EVM (Error Vector Magnitude) Measurement 
An alternative measurement to evaluate the linearity of the modulated signal 
is the 
error vector magnitude (EVM) measurement [8][9]. 
EVM is a measurement of a 
received signal against a theoretical transmitted signal, which 
is defined as a 
root-mean-square (rms) of the ratio of the error vector and 
ideal vector described in 
Equation (3.26), where R represents the received complex vector and 
T is the 
theoretical transmitted complex vector. The 
EVM measurement provides an overall 
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view of the quality of the modulation on the signal and it directly correlates to bit 
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Figure 3.25: Illustration of EVM measurement 
Table 3.1 presents the EVM specification of IEEE802.11g standard [5]. The EVM 
requirements are affected by the different modulation schemes and coding rate. The 
higher order constellations require small values of EVM, and higher coding rates 
allow higher values of EVM. The data rate shown with grey shade shown in the table 
was chosen to represent QPSK OFDM, 16QAM OFDM, and 64QAM OFDM signals 
during the simulation. 
Data rate 
(Mbits/s) 
Modulation Coding rate EVM(%) 
6 BPSK 1/2 56.2 
9 BPSK 3/4 39.8 
12 QPSK 1/2 31.6 
18 QPSK 3/4 22.3 
24 16QAM 1/2 15.8 
36 16QAM 3/4 1 1.2 
48 64QAM 2/3 7.9 
54 64QAM 3/4 5.6 
Table 3.1: EVM requirement of the IEEE802.11 g standard 
Figure 3.26 shows the constellation of the received QPSK OFDM signal without and 
with the PLP compensation. The dark colour points represent the received 
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constellation positions, and the light colour points are the theoretical transmitted 
constellation points. It can be observed from the figure that without the PLP 
compensation the received constellation has around 14.7% of EVM, which still meets 
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Figure 3.26: The constellation of OFDM modulated by QPSK 
In the 16QAM OFDM application shown in Figure 3.27, without the PLP 
compensation the received constellation from the class C amplifier has 14.2% of 
EVM, which just meets the minimum EVM requirement. With the PLP compensation 
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Figure 3.27: The constellation of OFDM modulated by 16QAM 
For the 64QAM OFDM application shown in Figure 
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class C amplifier is applied without the PLP compensation, which is already higher 
than the EVM requirement. However, with the PLP the EVM is now 5.9% which is 
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Figure 3.28: The constellation of OFDM modulated by 64QAM 
3.6 Power Efficiency Analysis 
Since the power amplifier consumes a great deal of power in the transmission process, 
the power efficiency of the amplifiers should be carefully considered. However the 
linearity and power efficiency are always trade-offs. The class AB amplifier is 
extensively used in wireless communications due to its high linearity and relatively 
higher power efficiency comparing with class A amplifier. The theoretical output 
efficiency is around 70% for a CW signal. However, in practice, the PAE is lower than 
15% for high PAPR applications. A Motorola commercial power amplifier, 
MMG2401 [I I] which is a class AB power amplifier, provides 14% of PAE and 3% of 
EVM for IEEE802.11 g application when the output power achieves 19dBm. 
The class C power amplifier which is simulated in ADS can achieve 12 dB of 
maximum gain and around 58% maximum PAE. The instantaneous power gain and 
PAE versus input amplitude are shown in Figure 3.29. The simulation result shows 
that the average PAE directly depends on the average input amplitude. To achieve the 
best linearity the input signals were driven to a level when the peak amplitude of the 
input signal achieves the maximum input permission of the PLP, resulting in the 
average input amplitude been around 0.19V. It can be read from Figure 
3.29 when 
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Figure 3.29: Instantaneous power gain and PAE 
Because the PLP amplifier is a cascaded PLP and a class C amplifier, the overall PAE 
can be represented by Equation (3.27), where Pour is the output power of the class C 
amplifier, Pi, is the input power of the PLP, Poc, PA is the DC consumption of the class 
C amplifier, and the PDC, PLP is the DC consumption of the PLP. Therefore it is implied 









The simulation results of the class C amplifier linearised by the PLP are discussed. 
With PLP compensation, the IM3 and IM5 can achieve 11 dB and 16.4dB 
improvements respectively when a two-tone test signal is applied. In an IEEE802.11 g 
application, the M-IMR can be improved by around 8.1 dB and the 1 S` ACPR can be 
improved by around 12.7dB when the PLP is applied. Besides, the EVM measurement 
can achieve around 6% for all different OFDM constellation modes, which are lower 
than the EVM requirements. 
Although the maximum power efficiency of the class C amplifier can achieve around 
58% and with PLP compensation the class C amplifier can achieve high linearity, the 
average power efficiency will become 22.5% for IEEE802.11 g application. This is 
because the OFDM signal has a very high PAPR requiring large dynamic range, thus 
the average power level is relatively low. Besides, the power efficiency of the class C 
amplifier directly depends on the average input power level resulting in low power 
efficiency. However, comparing with linear class AB power amplifier, the PAE can be 
increased from 14% to 22.5%, a 53.5% improvement. 
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CHAPTER 4 
BACK-OFF, CLIPPING & FILTERING 
TECHNIQUES 
This chapter begins by introducing the back-off technique, which is generally 
employed to maintain the linearity of a power amplifier and to regulate the 
transmission power level. The levels of back-off which are applied to the amplifier 
significantly affect the power efficiency of the amplifier. The effect of the back-off 
technique to spectrum, EVM, BER, and PAE is discussed in this chapter. 
An alternative method to achieve higher power efficiency for OFDM applications is 
to reduce the PAPR. In this chapter, the clipping & filtering technique is applied to 
investigate the effect to PAE. 
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4 Back-Off, Clipping & Filtering Techniques 
4.1 Introduction 
The linearity and power efficiency of a class C power amplifier linearised by the PLP 
technique has been discussed in Chapter 3. To achieve the highest linearity, the input 
power level was driven to the point when the peak amplitude of the input signal 
reached the maximum input permission of the PLP. In such a drive method, the EVM 
that can be achieved is around 6% for all constellations of IEEE802.11 g OFDM signal 
and 22.5% of average PAE can be realized. 
The back-off technique, which backs off either input or output power level from the 1 
dB compression point, is typically used to maintain the linearity of a power amplifier 
when an input signal with high PAPR is applied. If high levels of back-off are applied, 
the linearity will be increased but the PAE will be reduced. The drive method applied 
in Chapter 3 achieves high linearity and implies that the class C amplifier was 
operated with high levels of back-off. In this mode of operation, the EVM of the 
received OFDM signal is much lower than the EVM requirement of the IEEE802.11 g 
standard. Therefore in the beginning of the Chapter 4, the appropriate back-off level 
to achieve higher PAE will be discussed. 
It has been discussed that the average PAE of a class C amplifier is directly 
proportional to the average input amplitude. A signal with high PAPR requires a large 
linear dynamic region of the amplifier and results in average input amplitude 
reduction and consequently PAE decrease. The higher PAPR a signal has, the lower 
the PAE will be. Therefore, an alternative way to realize a higher PAE is to reduce the 
PAPR. When the PAPR is reduced, the class C amplifier can be operated with lower 
levels of IBO and the PAE can consequently be increased. 
To reduce the PAPR, a number of PAPR reduction techniques have been proposed [1]. 
These solutions can be classified as clipping & filtering [2] [3], coding 
[4][5][6][7][8][9][101 and signal correction functions [11][12][13]. The clipping 
technique limits the amplitude of the input signal to a specific clipping level and 
maintains the input phase modulation. This method can efficiently reduce the PAPR 
and it is unnecessary to modify the receiver. However, the clipping process causes 
both in-band and out-of-band distortions. The out-of-band distortion can be removed 
by low pass filter followed the clipping process, but the in-band distortion cannot 
be 
eliminated by filter resulting in EVM and BER increase. 
The coding method employs specific codes [4][5][6][7] or sequences 
[8][9][10] to 
reduce the PAPR. A relative decoding process 
is requirement in the receiver. This 
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method does not introduce additional distortion, but the reduced amount of PAPR is 
finite. Besides the transmission rate will be significantly reduced. 
Many PAPR reduction techniques can be categorized as signal correcting functions. 
Generally they modify the transmission structure to achieve PAPR reduction and 
restore the removed signals in the receiver. They typically require additional circuits 
resulting in power consumption increase. Besides they also generate in-band 
distortion. 
In this chapter, to investigate the feasibility of PAE increase by PAPR reduction, the 
clipping & filtering technique was applied with the class C amplifier linearised by the 
PLP, because firstly it has a relative simple architecture comparing with other 
techniques and secondly it is unnecessary to modify the receiving link so that the 
transmission and receiving links can follow the IEEE802.11 g standard to evaluate the 
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Figure 4.1: Simulation procedure of the transmission and receiver links 
Figure 4.1 shows the simulation procedure. In the transmission link (the upper path), 
firstly the binary information is randomly generated and mapped into different QAM 
constellations. In the simulation the QPSK, 16QAM, and 64QAM constellations are 
applied. An OFDM symbol contains 48 data subcarriers and 4 pilot subcarriers, which 
are implemented by using a 64 point IFFT. Secondly, the baseband OFDM symbols 
are up-sampled and thus applied to the clipping & filtering process. Thirdly the 
baseband OFDM signal is up-converted to the carrier frequency, 2.4GHz, and thus 
applied into the IBO regulator, the PLP, and the class C amplifier. The IBO regulator 
is used to adjust the average input amplitude for amplification. Finally the OFDM 
signal has AWGN (Additive White Gaussian Noise) applied to it and then the signal 
is 
applied to receiving link. 
In the receiver link, the magnitude of the AGC (Auto Gain 
Controller) regulates the 
power level of the received OFDM signal, and therefore the 
OFDM signal is 
72 
CHAPTER 4 BACK-OFF, CLIPPING & FILTERING TECHNIQUES 
down-converted to baseband. Then a FFF is used to transfer the OFDM signals to 
QAM signals. Comparing the transmitted and received QAM signals allows the EVM 
measurement to be taken. Finally the QAM signal is demodulated to obtain binary 
data. A comparison of the input and output binary data is carried out to estimate the 
BER. 
4.2 Input Back-Off (IBO) Analysis 
The input back-off (IBO) in decibels is defined by Equation (4.1), where P;,,, 1de is the 
input power level at the 1 dB compression point and Pi,,,,,,, is the input average power 
level. 
IBO =101og(Pn, l dB) (dB) Pn, 
ave 
(4.1) 
In theory, an IEEE802.11g OFDM signal has 12dB of PAPR occurring with a 
probability of 1%. If 12dB of IBO is applied, it guarantees that 99% of the peaks are 
below the 1dB compression point, but the power amplifier provides very low PAE. To 
achieve higher PAE, some peaks are allowed to be higher than the IdB compression 
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Figure 4.2: Output spectrum of the class C amplifier with different levels of 
IBO 
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Figure 4.2 shows the output spectrum of the class C amplifier linearised by the PLP 
with different levels of IBO. When IBO is below 4dB, the spectral re-growth reaches 
or is higher than the transmission mask. To satisfy the transmission requirement, the 
M-IMR should be below -25dBc, and thus IBO should be operated at greater than 
6dB. 
Figure 4.3: shows M-IMR and the 3rd ACPR of the class C amplifier linearised by the 
PLP and operated with different levels of IBO. When the class C amplifier is operated 
with higher levels of IBO, the M-IMR and ACPRs can be reduced. The operation 
method of the class C amplifier used in Chapter 3 can realize -29dBc of M-IMR, 
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Figure 4.3: M-IMR and 3 ACPRs with different levels of IBO 
Figure 4.4 shows the PAE and EVM with different levels of IBO. When the class C 
amplifier linearised by the PLP was operated with lower levels of IBO, higher PAE 
can be achieved but the EVM will also be increased. For the QPSK OFDM signal, 
even when the class C amplifier is operated with 0dB of IBO, the EVM is still lower 
than the EVM requirement, 31.6% EVM, resulting in 50% of PAE being achieved. 
For a 16QAM OFDM signal, the minimum IBO which can be used to achieve the 
minimum EVM requirement is around 3dB resulting in 45% of PAE being achieved. 
However, at these levels of IBO the spectral re-growth will be greater than the 
transmission mask. To satisfy both transmission mask and EVM requirements, the 
IBO has to be operated at 6dB resulting 31% of PAE being achieved for both QPSK 
OFDM and 16QAM OFDM signals. For a 64QAM OFDM signal, the IBO can be set 
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Figure 4.4: PAE and EVM measurement with different IBO 
Figure 4.5 shows the BER of the QPSK, 16QAM, and 64QAM OFDM signals with 
different levels of IBO operation. To satisfy both transmission mask and the minimum 
EVM requirements, the QPSK, 16QAM, and 64QAM OFDM signals can be operated 
with 6dB, 6dB, and 7dB of IBOs, respectively. For a QPSK OFDM signal, there is no 
error generated. For 16QAM and 64QAM OFDM applications, the BERs are 7.10-5 
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4.3 Clipping & Filtering Analysis 
4.3.1 Clipping Process 
Figure 4.6 shows the clipping & filtering process, which is carried out in baseband, 
and the input signal is in complex form. The clipping is a nonlinear process causing 
both in-band and out-of-band distortions. If an OFDM signal transferred from IFFT is 
directly applied to the clipping process, the resulting clipping noise will all fall 
in-band and therefore cannot be removed [3]. To address this aliasing problem, the 
OFDM signal has to be up-sampled. In the simulation, the factor of the up-sampling 
rate is 8. The up-sampled OFDM signal is thus separated into envelope and phase 
signals by envelope and phase detectors. The envelope signal is clipped to a specific 
clipping level and then restored with the original phase signal to generate a clipped 
OFDM signal in complex form. Since the clipped OFDM signal will generate a 
significant spectral re-growth, a low pass filter following the clipping process thus 
removes the out-of-band distortion. 
-LF*\, t 
OFDMsignal Up-sampling Envelope Envelope 







detector Clipping process 
Figure 4.6: Clipping & filtering process 
FIR 
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OFDM signal Low pass 
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The clipping ratio (CR) is usually used to estimate the amount of clipping which 
is 
applied to a signal. The definition of CR in decibels can 
be described by Equation 
(4.2), where Ppea represents the peak power level and P, jlp is the clipping power 
level. 
CR =10log(PP, ak ) (dB) Pclip 
(4.2) 
In the simulation, the clipping process limits the envelope of 
the input OFDM signal 
to a particular clipping level when the peaks are 
higher than the clipping level and 
restores the original phase. If the envelope signal 
is less than the clipping level, the 
envelope signal will be passed through the clipping process. 
The definition of clipping 
process is shown in equation (4.3), where 
A(t) and O(t) represent the envelope and 
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the phase modulation, A, Iir is the clipping level, and y(t) is the clipped OFDM signal. 
The illustration of the clipping process is shown in Figure 4.7. 
Y(t) _ 
A(t) " e''o(`) A(t) _ 
Ac.,. 
,p AclIp " e''o(') A(t) >A 
Q 
Figure 4.7: Illustration of the clipping process 
(4.3) 
The clipping level can be derived from Equation (4.2) and defined as Equation (4.4), 
where Vpeak represents peak amplitude of the envelope signal. 






peak Aclip = 
lOCR/20 
Figure 4.8 shows the clipped but unfiltered envelope of an OFDM signal in the time 
domain when a 5dB clipping ratio was applied. It can be observed that the amplitude 
which is higher than clipping level will be limited to the clipped level, and any part of 
the signal amplitude below clipping level is not affected. It has to be noted that Figure 
4.8 shows a portion of an OFDM symbol in time domain and the peak amplitude is 
not shown in the figure. 
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Figure 4.8: Clipped but unfiltered envelope of an OFDM signal in the time domain 
4.3.2 Filtering Process 
The filtering process is carried out after the clipping process to reduce the spectral 
re-growth due to the clipping process. However, the filtering process causes clipped 
envelope re-growth with the result that the PAPR cannot be reduced to the expected 
clipping level. To filter out much of the spectral re-growth, the filter has to have a 









__I_ _I _-_ 
, - I.. ý 

















05 10 15 20 25 30 35 
Frequency (MHz) 
0 





. 500 5 10 15 20 25 30 35 
Frequency (MHz) 




CHAPTER 4 BACK-OFF, CLIPPING & FILTERING TECHNIQUES 
Figure 4.9 shows the frequency response of the low pass filer, which is implemented 
by using a 20 order equiripple FIR filter. The pass-band is the half bandwidth of the 
OFDM signal, around 8MHz, and the stop frequency is around 12MHz. The 
pass-band ripple is 1 dB, and the stop band attenuation is 20 dB. 
When clipping process is applied, the envelope which is higher than clipping level 
will be limited to the clipping level. Therefore the PAPR can be reduced to the 
expected level. However when the clipped signal applied to the filtering process, the 
clipped envelope will be re-grown which is higher than clipping level. Figure 4.10 
shows the clipped and filtered envelope of an OFDM signal in the time domain when 
5dB of clipping ratio was applied. It can be observed that the envelope level of the 
clipped and filtered signal is higher than clipping level. Therefore due to this effect 
the PAPR cannot be reduced to the expected level. For example, if a 5dB clipping 
ratio is applied, the PAPR may be reduced around 3dB. 
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CR= 5 dB Unclip 
--- Clipped & Filtered 
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Figure 4.10: Clipped and filtered OFDM signal in time domain 
4.3.3 Clipping & Filtering Effects 
Figure 4.11 shows the effect of clipping & filtering on the power spectrum of the 
OFDM signal when 5dB of CR was applied. It can be observed that the clipped 
but 
unfiltered OFDM signal has strong spectral re-growth. 
The M-IMR that can be 
achieved is around -24dBc which meets the minimum requirements of 
the 
transmission mask. When the filtering process is applied, the 
M-IMR can be reduced 
to -40.5dBc, which 
is around l6dB lower than the unclipped OFDM signal. 
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Figure 4.11: Power spectral density of unclipped, clipped, and clipped and filtered 
OFDM signals 
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Figure 4.12: Clipping & filtering effect to CCDF 
Figure 4.12 shows the effect of clipping & filtering on the CCDF at various values of 
PAPR. It is obvious that the different constellation modes of OFDM signal 
have the 
80 
CHAPTER 4 BACK-OFF, CLIPPING & FILTERING TECHNIQUES 
same PAPR because the PAPR is depended on the numbers of subcarriers which are 
implemented an OFDM signal. When a 5dB CR is applied, the PAPR can be reduced 
by around 3dB, and when the CR is increased to 10 dB, the PAPR can be reduced by 
around 5dB. Due to the filtering process, the PAPR reduction cannot achieve the 
specific clipping ratio. However, the PAPR still can be efficiently reduced by using 
the clipping & filtering process. 
Figure 4.13 shows the clipping & filtering effect on the constellation of a 16QAM 
OFDM signal, when 3dB and 5 dB of clipping ratio are applied. It can be observed 
that the clipping & filtering process causes the constellation spread, but does not 
increase the phase distortion since the constellations are not rotated. With 3dB of CR 
the EVM that can be achieved is 11.3% and with 5dB of CR the EVM is as high as 
16.6%. Since the minimum EVM for 16QAM OFDM is 15.8, it is obvious that the 
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Figure 4.13: Constellations of the clipped and filtered OFDM signals with 3dB and 
5dB clipping ratios 
Figure 4.14 shows the relationship of the EVM to CR. The EVM measurement is 
independent to the constellation modes of the OFDM signal so that all constellation 
modes of OFDM signals have the same characteristic. The dotted lines shown 
in 
figure are represented the minimum EVM requirements for QPSK, 16QAM, and 
64QAM OFDM signals. The maximum clipping ratio for a QPSK OFDM signal 
application is around 8dB to satisfy the minimum EVM requirement. 
For a 16QAM 
OFDM signal the maximum clipping ratio is around 4dB and 
for a 64QAM OFDM 
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Figure 4.15: Clipping & filtering effect on BER with different levels of CR 
Even though the clipping & filtering process can effectively reduce the PAPR and 
spectral re-growth, the in-band distortion from the clipping process degrades the BER. 
This in-band distortion cannot be removed by filtering. Figure 4.15: shows the 
clipping & filtering effect on BER with different levels of clipping ratio. 
A value of 
0dB of CR represents the signal not being applied to the clipping 
& filtering process. 
The permitted IBO to satisfy EVM requirement for QPSK, 
16QAM, and 64QAM 
OFDM signals are 8dB, 4dB, and 1dB respectively. At these 
levels of IBO, all 
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constellation modes of OFDM signal have a BER of around 10-4. 
4.4 Clipping & Filtering Effect on the Class C Amplifier 
When a QPSK OFDM signal is clipped by 8dB, the EVM will achieve the minimum 
EVM requirement. An 8dB clipping ratio can significantly reduce the dynamic range 
requirement of the power amplifier and thus the power amplifier can be operated with 
lower levels of IBO and increased levels of power efficiency. Figure 4.16 shows the 
EVM and PAE of the class C amplifier linearised by the PLP and operated with 
different levels of IBO when a QPSK OFDM signal with 8dB clipping ratio was 
applied. It can be observed that the minimum 1130 to achieve the EVM requirement is 
around 2dB and thus the resultant PAE is around 47%. 
55 














-- EVM requirement 
-- ---------- 





Figure 4.16: EVM and PAE with different levels of IBO when a QPSK OFDM signal 
with 8dB of clipping ratio is applied 
The permitted clipping ratio for a 16QAM OFDM signal to satisfy the 
EVM 
requirement is 4dB. Figure 4.17 shows the EVM and PAE of the class 
C amplifier 
operated with different levels of IBO. With 4dB of CR, the minimum 
IBO which can 
be used to satisfy the EVM requirement is around 4dB resulting 
in 42% of PAE being 
achieved. 
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16QAM OFDM, (CR=4dB) 
Figure 4.17: EVM and PAE with different levels of IBO when a 16QAM OFDM 
signal with 8dB of clipping ratio is applied 
For a 64QAM OFDM signal, the permitted clipping ratio is I dB and thus the IBO has 
to be 6dB to satisfy the EVM requirement, which is shown in Figure 4.18. The 
maximum PAE that can be achieved is 31 %. 
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Figure 4.18: EVM and PAE with different levels of IBO when a 64QAM OFDM 
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Figure 4.19: M-IMR with different levels of IBO when QPSK, 16QAM, and 64QAM 
OFDM signal are clipped by 8,4, and 1 dB 
The permitted levels of IBO for QPSK, 16QAM, and 64QAM OFDM signals are 2dB, 
4dB, and 6dB, respectively. Although the signals operated under such conditions can 
satisfy the EVM requirements, it is necessary to check whether the spectral re-growth 
can fulfil the transmission mask requirements. Figure 4.19 shows the M-IMR with 
different levels of IBO, when the QPSK, 16QAM, and 64QAM OFDM signals are 
operated with 8dB, 4dB, and I dB of clipping ratio, respectively. For the QPSK 
OFDM signal with 2dB of IBO, the M-IMR is around -26dBc. For 16QAM OFDM 
signal with 4dB of IBO and for 64QAM OFDM signal with 6dB of 1130, the M-IMRs 
that can be achieved are -27dBc. The spectral re-growth that occurs all satisfies the 
transmission mask requirements of the IEEE802.11 g standard. 
Figure 4.20 shows the clipping and back-off effects on BER when the signals are 
applied with the permitted levels of clipping ratio. It can be found that with 2dB, 4dB, 
and 6dB of IBO for QPSK, 16QAM, and 64QAM OFDM signal the BERs are all 
around 10-4. 
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Figure 4.20: BER with different levels of IBO when QPSK, 16QAM, and 64QAM 
OFDM signal are clipped by 8dB, 4dB, and 1 dB 
4.5 Conclusions 
The OFDM signal has very high levels of envelope variation, with a PAPR as high as 
12 dB. However the peaks occur with low levels of probability. To maintain the 
required levels of linearity, the conventional solution is to use a linear but very 
inefficient class A or AB power amplifier with a back-off technique, which reduces 
the power efficiency. A simple way to reduce the PAPR is to use a clipping & filtering 
technique. However the clipping process will increase both the in-band and 
out-of-band distortion. The in-band distortion will increase the BER, and the 
out-of-band distortion will degrade the spectral efficiency. Although using a sharp 
transition low pass filter can reduce the out-of-band distortion, the in-band distortion 
cannot be removed. 
In this chapter, the PLP technique is used to improve the linearity of the class C 
amplifier. With appropriate use of back-off and clipping & filtering techniques, the 
power efficiency can be increased with low BER when the EVM and output spectrum 
both satisfy the IEEE802.11 g requirement. 
Table 4.1 summarizes the M-IMR, EVM, PAE, and BER for all constellations of 
OFDM signal when the class C amplifier was linearised by the PLP and operated with 
specific levels of IBO to satisfy both transmission mask and minimum EVM 
requirements. It can be found that the QPSK and 16QAM OFDM signals can achieve 
31 % of PAE with -26dBc of M-IMR and 9% of EVM. For the 64QAM 
OFDM signal, 
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due to the lower EVM requirement, the PAE that can be achieved is 28%. When 
operating the amplifier in this way, the BER is still low. The higher order modes of 
constellation present higher BER. 
Back Off 
M-IMR (dBc) EVM (%) PAE (%) BER 
QPSK OFDM 
(IBO=6dB) -26dBc 9% 31% 0 
16QAM OFDM 
(IBO=6dB) -26dBc 
9% 31% 6* 10-6 
64QAM OFDM 
(IBO=7dB) 
28dBc 7.8% 28% 2* 10-4 
Table 4.1: Summary of the back-off effect to M-IMR, EVM, PAE, and BER 
When the OFDM signal with clipping & filtering technique is applied to the amplifier, 
the EVM will be increased but the out-of-band spectral re-growth can be controlled to 
certain levels. Table 4.2 summaries the maximum PAE with different constellation 
modes and with specific levels of clipping ratio and back off to satisfy both the 
transmission mask and EVM requirement. It can be observed that both M-IMR and 
EVM reach the minimum requirements of IEEE802.11 g, and the maximum PAE that 
can be achieved is 47%, 42%, and 31% for QPSK, 16QAM, and 64QAM OFDM 
signals, respectively. The resultant BERs are all 10-4. 
Clipping & Filtering 
M-IMR (dBc) EVM (%) PAE (%) BER 
QPSK OFDM 
-26dBc 31% 47% 10-4 (CR=8dB, IBO=2dB) 
16QAM OFDM 
-26.5dBc 15.5% 42% 10-4 (CR=4dB, IBO=4dB) 
64QAM OFDM 
-26.5dBc 7.8% 31% 10-4 (CR=1dB, IBO=6dB) 
Table 4.2: Summary of the clipping & filtering effect to M-IMR, EVM, PAE, and 
BER 
The simulation results show that the clipping & filtering technique with appropriate 
levels of IBO can be used to increase the power efficiency. Heavy clipping, can result 
in high levels of power efficiency being achieved. However, the clipping scheme is a 
nonlinear process, which results in increases in the 
BER. The higher order 
constellation modes of the OFDM system have more effect on the 
BER then the lower 
order constellation modes. 
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CHAPTER 5 
THE ENVELOPE ELIMINATION AND 
RESTORATION TECHNIQUE 
In this chapter the concept of an EE&R amplifier and transmitter will be introduced. 
The major advantage of the EE&R technique is its inherently high power efficiency. 
However, it also has some distortion sources, summarized as differential time delay, 
bandwidth limitation, nonlinear conversion due to envelope variation, and the 
feed-through effect, resulting in non-linearity and out-of-band spectral re-growth. This 
chapter will discussed the influences of these distortion sources on an IEEE802.11 g 
application. 
In this chapter, a class E amplifier was chosen to implement the RF amplifier of the 
EE&R transmitter. The design concept of the class E amplifier will be introduced and 
circuit simulation is carried out within ADS, Agilent's circuit simulation tool, to 
estimate the performance of the EE&R transmitter. 
Finally, to deal with the distortion due to envelope variation, a combination of the 
EE&R transmitter and predistortion techniques is investigated and for the 
feed-through effect, a new architecture is recommended. The performance in terms of 
spectral re-growth will be presented. 
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5 The Envelope Elimination and Restoration Technique 
5.1 Introduction 
The Envelope Elimination and Restoration (EE&R) technique was first proposed by 
Kahn in 1952 (1], who linearised a class AB power amplifier for SSB transmitters. 
The EE&R technique is designed to provide high power efficiency for non-constant 
envelope signals. The high power efficiency is achieved by generally applying 
switching amplifiers to implement the RF power amplifier. Ideally, the switching 
amplifiers can achieve 100% power efficiency. The EE&R technique nowadays has 
also been proposed for mobile applications, which is also due to its potentially high 
efficiency and also its relatively simple architecture [2][3]. 
The basic concept of the EE&R technique is to split the modulated input signal into an 
envelope and RF phase signal. The envelope signal, which is a baseband signal, is 
amplified by an envelope modulator generally implemented by using a class S 
amplifier or a DC-DC regulator, and the RF phase signal having constant envelope is 
amplified by a highly efficient but nonlinear RF power amplifier. The envelope is 
restored into the RF phase signal by controlling the supply voltage of the RF power 
amplifier. Since both envelope and phase signals are amplified by highly efficient 
amplifiers, the EE&R technique has inherently high efficiency. 
However, the EE&R technique also suffers from some potential distortion sources 
resulting in non-linearity and spectral re-growth, which can be categorized as 
differential time delay between envelope and phase paths, bandwidth limitation due to 
wider bandwidth being required from the envelope and phase signals, VDD/AM and 
VDD/PM conversions because of envelope variation, and feed-through effect. This 
chapter will estimate the influences of these distortion sources on an IEEE802.11 g 
application. Possible solutions to deal with the wideband signal at 2.4GHz will be 
discussed. 
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5.2 Analysis of an EE&R Technique 
5.2.1 The Concept of the EE&R Technique 
Figure 5.1 shows the configuration of the EE&R amplifier. The non-constant envelope 
input signal, which may be modulated by both amplitude and phase signals, is first 
split into two paths, one going to a limiter and the another one going to an envelope 
detector. The limiter removes the envelope component of the modulated input signal, 
leaving only the phase modulation which is at the carrier frequency. The envelope 
detector is employed to extract the envelope variations of the modulated input signal 
to generate a baseband envelope signal. Secondly, the phase signal is therefore 
amplified by an efficient but nonlinear RF amplifier, typically implemented by using a 
switching amplifier. The switching amplifier is generally used to amplify the constant 
envelope signal. Thirdly, the envelope signal is amplified by a highly efficient 
envelope modulator, usually implemented by a class S amplifier or a DC-DC regulator. 
Finally, the envelope signal is then used to modulate the power supply of the RF 
power amplifier to achieve the envelope restoration. 
Sa=A(1) 





Sp (1) =cos[w (t) + (t)J 
Limiter 
0 




Figure 5.1: Configuration of an EE&R amplifier 
Su [4] implemented the EE&R amplifier in CMOS technology. The envelope 
amplifier was implemented by a delta-Mod Class-D amplifier with an envelope 
feedback technique, and the RF power amplifier was implemented by using a 
commercial advanced mobile phone system (AMPS) power amplifier. When a North 
American Digital Cellular (NADC) signal operated at 836.5 MHz with 30kHz of 
bandwidth was applied, the ls` ACPR can be achieved -30dBc providing around 
28dBm of output power with 33-49% power efficiency. 
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Figure 5.2: Configuration of an envelope tracking technique 
Another technique, called envelope tracking [5][6][7][8], has a similar architecture to 
the EE&R amplifier, this is shown in Figure 5.2. This technique is usually used to 
increase the power efficiency for a linear amplifier by superimposing the envelope 
signal at the drain of the active device. The architecture of the envelope path is the 
same as the EE&R amplifier, but the RF signal is directly driven the main power 
amplifier. Wang [8] implemented the envelope tracking amplifier with a predistorter 
for an IEEE802.119 application, and the maximum PAE that could be achieved was 
25% with 2.3% of EVM and -35dBc of M-IMR, with an output power level of 
20dBm. 
When an envelope signal with high peak to mean variation is applied, both the 
envelope detector and the limiter of the EE&R amplifier will introduce additional 
amplitude and phase distortions. Therefore, to increase the accuracy of the envelope 
and phase signals, the envelope and phase signal can be generated from baseband 
signal generator. The baseband phase signal which is in Cartesian form is thus 
modulated to the carrier frequency by a quadrature modulator. Since the architecture 
contains the components for a complete transmitter, it is generally called an EE&R 
transmitter. This configuration is shown in Figure 5.3. 
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Figure 5.3: Configuration of an EE&R transmitter 
The operation of an EE&R transmitter is simpler than that of the EE&R amplifier. In 
the EE&R transmitter, the Cartesian input signal, x(t)=I+j - Q, is firstly converted to an 
envelope signal, A(t), and Cartesian I'(t) and Q'(t) signals. Secondly, the signal A(t) is 
applied to an envelope modulator and the Cartesian I'(t) and Q'(t) signals are 
modulated to the carrier frequency by using quadrature modulator to generate the RF 
phase signal, P(t) which is then applied to the RF amplifier. Finally the envelope is 
restored to the RF signal by controlling the supply voltage of the RF amplifier. 
In the EE&R transmitter, Cartesian I and Q symbols represents the in-phase and 
quadrature components of the original transmitted signal. A transmitted RF signal, S(t), 
which is directly modulated from Cartesian I and Q symbols, can be described as 
S(t) =1(t) " cos(wt) + Q(t) " sin(wt) (5.1) 
Therefore the output of the EE&R transmitter has to be presented with the same signal 
format as S(t). Assuming that A(t) and O(t) are the envelope and phase modulation 
components in polar form of the input signal, x(t), the result can be described by 
Equation (5.2). 
x(t) = A(t) " ej t) (5.2) 




[i(t)2 +Q(t)2 (5.3) 
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O(t) = tan- (- 
Q(t)) 
1(t) 
The phase signal, ei "(`), in polar form can be converted to Cartesian 1' and Q' phase 
signals, as shown in Equation (5.5). 
(5.4) 











This is illustrated in Figure 5.4. 
Q 
\- 
Figure 5.4: Illustration of the Cartesian I and Q and Polar form conversion 
(5.5) 
The RF phase signal, P(t), is the quadrature modulated signal and can be described by 
P(t) =1'(t) " cos(wct)+ Q'(t) " sin(w,. t) 
= cos(O(t)) - cos(wct) + sin(O(t)) - sin(w(. t) (5.6) 
= cos(wct + O(t)) 
From Equation (5.6), it is obvious that the RF phase signal is a pure phase signal 
without any envelope variation. The output of the EE&R transmitter, y(t), can 
therefore be described by 
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y(t) = A(t) " P(t) = A(t) - [1' (t) " cos(wc t) + Q' (t). sin(wc t)] 
= A(t) "l -(t) " cos(wct)+ 
Q(t) 
" sin(n) t) A(t) A(t) (5.7) 
=I (t) " cos(w, 0+ Q(t) - sin(wc t) = S(t) 
Equation (5.7) proves that the output of the EE&R transmitter is the same as the 
directly quadrature modulated output signal. So the envelope and Cartesian phase 
signals of the EE&R transmitter can be transferred from the original Cartesian signal 
by using Equation (5.3) and (5.5). Generating the envelope and Cartesian phase 
signals by baseband signal generation has more accuracy than that generated by 
envelope detector and limiter. 
5.2.2 The Potential Distortion Sources 
Although the EE&R transmitter can compensate for the distortions from the envelope 
detector and limiter of the EE&R amplifier, it still has some potential distortion 
sources resulting in linearity reduction, which can be summarized as below. 
1. Differential time delay between the envelope and phase paths causes strong 
out-of-band spectral re-growth. 
2. The envelope and RF phase signals require wider bandwidths than the original 
input signal to achieve better linearity. This effect causes peak spectral re-growth 
at the frequencies where the bandwidths of the envelope and phase signal were 
limited. 
3. VDD/AM and VDW/PM conversions occur in the RF amplifier due to the drain 
voltage variation of the RF power amplifier. 
4. The feed-through effect is caused when the envelope signal is swept to a low 
power level and the RF driven signal of the RF amplifier will leak to the output 
through the parasitic capacitances of the active device resulting in out-of-band 
spectral re-growth. 
All of these distortion sources cause spectral re-growth, especially differential time 
delay. The following section discusses the respective distortion sources and provides 
possible solutions. 
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5.3 Differential Time Delay 
Differential time delay and bandwidth limitation have been analyzed within the 
literature [9][10][11][12]. Differential time delay can be associated with the 
synchronization lost between the envelope and phase paths. The major delay is 
generally from the low pass filter followed by the envelope modulator. According to 
Raab [9], the intermodulation distortion (IMD) of a two-tone signal with tone 
separation and time difference can be estimated by using Equation (5.8), where B 
represents the tone separation, and r is the differential time delay. For a two-tone 
signal with 16MHz tone separation, a 3ns time difference results in around -36.8dBc 
of IMD. 
IMD = 20. log(2 .n. B2 . r2) (dB) (5.8) 
Figure 5.5 shows the simulation results in terms of spectral re-growth with different 
time delays when an IEEE802.11 g OFDM signal is applied. With perfect 
synchronization (differential time delay is 0) between two paths, the M-IMR that can 
be achieved is around -72dBc. When a 3ns time difference is applied to an EE&R 
transmitter, the M-IMR will be increased to around -31dBc and the ls` ACPR will be 
around -35dBc, where the resultant spectral re-growth has almost reached the 
transmission mask of the IEEE802.11 g standard. Therefore the smaller the time 
differences the better. 
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Figure 5.5: The spectrums of the restored OFDM signals with different time 
delays 
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Figure 5.6 shows the simulation result in terms of the EVM measurement with 
different time delays. The maximum time delay to achieve minimum EVM 
requirements for QPSK, 16QAM, and 64QAM OFDM signals are around 4.5ns, 9ns, 
and 23ns respectively. To satisfy both transmission mask and EVM requirements, the 
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Figure 5.6: EVM measurement with different time delay 
To minimize the time difference, appropriate delays can be inserted into the phase 
path. However this method can not exactly correct the differential delay in practice 
[ 13][ 14]. The envelope feedback technique is extensively used in EE&R transmitters 
[4][15], which can results in both the differential time delay being reduced and the 
linearity of the envelope signal being improved. However, since the envelope 
feedback technique is a closed-loop architecture, the operational bandwidth of the 
EE&R transmitter will be limited and it will only be suitable for narrow band signals. 
There is an alternative way to achieve minimum time delay [16], which is to generate 
an envelope signal from baseband with advanced phase shift to correct the time delay 
occurring in the envelope path. 
Since the time delay may need to be varied with environment changes, it is possible to 
generate a delayed version of the phase signal in baseband [17]. Equation (5.9) 
represents the output signal of the EE&R transmitter with a time delay, where r is the 
differential time delay between the envelope and phase paths, which is a constant 
value. 
v(t) = A(t - z)(I'(t) +j" Q'(t)] " e''° = A(t) " [e-' 
r" (I'(t) +j" Q'(t ))] " e' w` (5.9) 
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The middle item, e-I`T. (I'(t)+j"Q'(t)), which is a baseband signal, can be multiplied 
with e''i to achieve time delay elimination. Therefore the delayed version of the 
Cartesian I" and Q" can be written as: 
eft "(1'(t)+ j'Q'(t))=[cos(r)+ j"sin(z)]"[I'(t)+ j"Q'(t)] 
= [I'(t) - cos(r) - Q'(t) - sin(n)] +j- [1(t) - sin(r) + Q'(t) - cos(t)] (5.10) 
=1"(t)+ j. VOW 
The real term P (t) and the imaginary term Q "(t) are the delayed version of the 
Cartesian I and Q signals. 
5.4 Bandwidth Limitation 
The bandwidth limitation effect is due to the fact that the envelope and phase signals 
have a wider bandwidth than the original input signal [12]. Figure 5.7 shows the 
spectrums of the original OFDM, envelope, and phase signals, where the envelope 
































Figure 5.7: The spectrums of the original OFDM, envelope, and phase signals 
It can be observed that the original OFDM signal has a 
bandwidth of 16MHz, and the 
bandwidth of the envelope and phase signals are around 32MHz and 
16MHz 
respectively. However, the higher order spectral 
levels of the envelope and phase 
signals are much higher than the original 
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signal, the higher order spectrum of the envelope and phase signals are also necessary. 
However, the bandwidth of the envelope and phase signals will be limited by the 
design of the EE&R transmitter. For example, if the envelope and phase signals are 
generated by a baseband signal generator, the output bandwidth will be limited by 
digital to analogue converts (DACs). Besides the matching networks and the filters 
associated with envelope modulator and RF amplifier also limit the bandwidth. 
5.4.1 Envelope Bandwidth Limitation 
In the simulation, 4`h order Butterworth low pass filters are used to represent the 
bandwidth limitation effects in the envelope and phase paths. Figure 5.8 shows the 
restored output spectrum of the EE&R transmitter with different envelope bandwidth 
limitations while the bandwidth of the phase signal is not limited. Other nonlinear 
sources, such as differential time delay, and the nonlinear characteristics of the RF 
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Figure 5.8: The spectrums of the restored OFDM signals with different 
bandwidth 
limitations of the envelope signals 
It can be observed that the strongest spectral re-growth 
is not at the IS` ACPR. The 
frequency of the peak spectral re-growth is changed depending on the 
bandwidth 
limitation of the envelope signal. For example, when the 
bandwidth of the envelope is 
limited by 40MHz, the peak spectral re-growth occurs at the 
frequency which is 
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around 40MHz from the carrier frequency. To satisfy the transmission mask, the 
minimum bandwidth of the envelope signal has to be greater than 30MHz. The wider 
the bandwidth the envelope signal has, the better the performance that can be 
achieved. 
5.4.2 Phase Bandwidth Limitation 
The bandwidth of the phase signal was limited by using the same Butterworth low 
pass filter which was applied to limit the bandwidth of the envelope signal. In the 
simulation, the bandwidth of the envelope signal was not limited. Figure 5.9 shows 
the restored spectrum of the EE&R transmitter with different bandwidth limitations of 
the phase signals. It can be observed that the peak spectral re-growth is much greater 
than that at the Is' ACPR. Besides, the peak spectral re-growth due to the bandwidth 
limitation of the phase signal is higher and more obvious than that due to bandwidth 
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Figure 5.9: The spectrums of the restored OFDM signals with different bandwidth 
limitations of the phase signals 
It is obviously observed that the frequencies of the peak spectral re-growths are 
depended on the bandwidth limitations of the phase signals. 
For example, a 60MHz 
bandwidth limitation results in that the peak spectral re-growth occurs around 
60MHz 
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the bandwidth of the phase signal has to be greater than 60MHz. 
5.4.3 Summary 
To estimate the minimum bandwidth requirements for the envelope and phase signals, 
Figure 5.10 shows the peak spectral re-growth with different bandwidth limitations of 
the envelope and phase signals. The x axis represents the different bandwidth 
limitations of the phase signals and the curves represent the different bandwidth 
limitations of the envelope signals. Since the peak spectral re-growths are depended 
on the limitation effect, they are not occurred at the same frequency. The peak spectral 
re-growths shown on Figure 5.10 were measured from the maximum spectral 
re-growth. 
When the bandwidth of the envelope signal was limited below 25MHz, the peak 
spectral re-growth is always higher than -40dBc, which is the minimum transmission 
requirement of the IEEE802.11 g standard. To satisfy the minimum requirement, the 
minimum bandwidths of the envelope and phase signals have to be greater than 
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Figure 5.10: The peak spectral re-growth with different bandwidth limitations of the 
envelope and phase signals 
Figure 5.11 shows the spectrums of the restored OFDM signal with 
different 
bandwidths of phase signal while the bandwidth of the envelope signal was 
limited to 
30MHz. Comparing Figure 5.11 with Figure 5.9, the lower orders of the ACPRs 
have 
higher spectral re-growth, and the higher orders of the 
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performance. Besides, the spectral re-growths are not very obvious when the 
bandwidth of the both envelope and phase signals are limited. 
20 -ý-ý - - - 
Max peak: Ph BW=20M z 
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Figure 5.11: The spectrums of the restored OFDM signals with different bandwidth 
limitation of the phase signals while the bandwidth of the envelope signal is limited to 
30MHz 
The bandwidth limitation effect is inevitable and there is no solution to reduce the 
bandwidth without increasing the spectral re-growth. So it is necessary to avoid 
designing narrow band circuits within the EE&R transmitter. 
For the IEEE802.11g application, the minimum differential time delay between the 
two paths is around 3ns and the minimum bandwidth requirements for the envelope 
and phase signals are 30MHz and 50MHz respectively. Figure 5.12 shows the 
spectrum of the restored OFDM signal with different time delays while the bandwidth 
of the envelope and phase signals were limited to 30MHz and 50MHz respectively. 
It 
can be found that larger time delay leads higher I" ACPR. Therefore, 
it can be 
summarized that the time difference affects the spectral re-growth at the 
I" ACPR, 
and the bandwidth limitation results in peak spectral re-growth effect. 
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Figure 5.12: The spectrums of the restored OFDM signals with different time delays 
while the bandwidths of the envelope and phase signals are limited to 30MHz and 
50MHz 
5.5 Analysis of a Class E Power Amplifier 
In this thesis, the Class E power amplifier is chosen as the RF power amplifier, 
because the Class E amplifier has a relative simplicity of implementation compared to 
other types of switching amplifier. This type of amplifier can also achieve low voltage 
operation and high efficiency [18]. The ideal configuration and waveforms of the 
Class E amplifier are shown in Figure 5.13, which consists of a single supply voltage 
VDD, an RF choke Ld(_, a switch with a parallel capacitor Cp, a resonant circuit Lo-Co, 
and a load, RL. The switch is turned on and off periodically at the operating frequency. 
The LC network resonates at the operating frequency and only passes a sinusoidal 
current to the load RL. C,, ensures that at the time the switch is turned off the voltage 
across the switch still stays relatively low until after the drain current is reduced to 
zero. The switch is usually implemented by an active device such as a 
bipolar junction 










Figure 5.13: Ideal configuration of a class E amplifier, drain voltage waveform and 
drain current waveform 
In order to make the switch operate in a near ideal mode and reduce on-resistance, the 
transistor is generally designed with a large gate width and the maximum output 
power that can be obtained if the duty cycle is approximately 50 percent [ 19]. The 
main Class E switching conditions [ 18] include: 
1. Drain voltage return to zero when the switch is turned on: This ensures that the 
drain voltage and the drain current flow through the switch are not happening 
simultaneously, and therefore the power dissipation in the switch is zero. 
2. Zero-voltage slope when the switch is turned on: This can prevent severe power 
loss at the transient point. Based on the Class E switching conditions, the ideal 
Class E voltage and current waveforms are illustrated in Figure 5.13, where tj and 
t2 represent the periods of switch on and off, respectively. During the ti period VDS 
is zero and during the t2 period the current iDS is zero. Because of the 
characteristic of non-overlap of the current and voltage, the power dissipation of 
the switch is zero. 
Figure 5.14 represents a circuit simulation of a Class E amplifier, which was carried 
out using ADS, Agilent's circuit simulation tool. The class E amplifier is simulated at 
2.4 GHz with a sweeping drain voltage, VDD. The MwT 773 GaAs FET was chosen as 
the active device within the Class E amplifier, whose switch-off capacitance is around 
0.17pF and switch-on resistance is around 7.1 S2. The major components, Cp, Lo and CO, 
can be determined by Equation (5.11) to (5.13), which are derived in [20] [21 ], where 
RL is the load resistance and QL is the network load quality factor. 
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These equations assume that the duty cycle between switch on and off is 50%, and 
yield the low order lumped-element Class E circuit to achieve approximately ideal 
operation. 
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VDD= 3V LO=16.57 nH VGG= -1.5 V CO=0.34 pF 
Ps=7 
_dBm ZL= 50 Ohm 
ZS=9.3+j'57.5 Ohm 
Figure 5.14: Circuit simulation of a Class E amplifier 
In the simulation, the value of QL was set to 5, and the value of RL was chosen to be 
5052. To achieve a good quality DC block, the value of LDC was set to 50nH. 
Therefore the parameters of C,,, Co, and Lo can be determined as Cp=0.33pF. 
Co=0.34pF, and Lo=16.57nH. The value of C,, has to account for the switch-off 
capacitance of the FET, Cdx, which is 0.17pF. Therefore the value of Cp was set to 
0.16pF. The values of Co and Lo had to be optimized by sweeping the values in ADS 
to achieve maximum power efficiency. 
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Figure 5.15 and Figure 5.16 show the simulated waveforms of Vd, and Id, -, respectively. 
Ideally, when the FET is switched on, the drain current, 1d, _, passes through the active 
device and the value of Vd, becomes zero, when the FET is switched off, the drain 
current drops to zero and meanwhile the drain supply voltage starts charging CP. 
However, it can be observed that both drain voltage and drain current waves are 
simultaneously non-zero over some period, i. e. 100-140psec. In this period the FET 
consumes some power resulting in power dissipation in the FET and hence the power 
efficiency is reduced. 
7II 
ý- - ----- - 
IIIII 
'ý ý. oo= 





-V 2 DO= lý f Ill- ý1 
4- --I ýr I- fý -- r ----- Ill f1 .. -VDD=2.5 
---VDD= 3 
3- --- - ------------- 11 1 




- ---- fýI ! 
! - ý rl----- / ýi . , ýI ý' 11 












Figure 5.15: Vos waveform with different values of VDD 
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Figure 5.16: IDS waveform with different values of 
VDD 
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5.5.1 VDD/AM and VDD/PM Conversions 
The simulation results of VDD/AM and VDD/PM conversions can be measured from 
the output power level and the phase shift while VDD is swept, which are shown in 
Figure 5.17. It can be observed that the output amplitude is quite linear when "DD is 
below 4V and the 1dB compression point occurs when VDD is around 5V. It can be 
seen that when VDD is reduced to zero, the output amplitude still maintains an offset 
level. This non-zero interception effect is due to the feed-through effect which will be 
discussed in next section. 
For the VDD/PM conversion, the maximum phase shift occurs when Voo is around 
0.7V, and when Voo is increased, the phase shift is reduced. The maximum phase 
difference between VDD=0.7 V and VDD=6 V is around 35°. When VDD is below 0.7V, 
the phase falls rapidly because the active device starts pinching off and in this region 
the active device operates in a highly nonlinear manner. 
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Figure 5.17: VDD/AM and VDW/PM conversions 
Figure 5.18 shows the power added efficiency (PAE) with different levels of 
VDD. The 
maximum PAE which can be achieved is around 52% when 
Voo is around 4V. The 
PAE will be drastically reduced when VDD is below 2V. 
When Voo is smaller than 
0.9V the PAE becomes negative, which is because the output power 
is smaller than 
the input power. 
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Figure 5.18: Power added efficiency with different values of VDD 
5.5.2 Feed-through Effect 
Funk [14] found the feed-through effect in his implementation of a linearised class E 
amplifier. This effect limited the intermodulation distortion (IMD) performance to -27 
dBc as well as contributing to a phase shift in the RF amplifier causing an 
asymmetrical spectrum. The feed-through effect results from the parasitic capacitance 
of the active device between the drain and the gate. The value of the capacitor is 
voltage dependent. When the power level at the drain is below a particular level, the 
RF driven signal at the gate starts leaking to the drain through the drain-gate 
capacitance (Cdg) resulting in amplitude and phase distortions. Figure 5.19 shows an 
illustration of the feed-through effect. The input signal sees a high-pass response 
which is formed by Cdg and Zd, where Zd is the composite impedance from the parallel 
combination of the FET channel resistance, RF choke, resonator, and load 
impendence. The feed-through effect can be described by Equation (5.14), 
S(t) = [E(t) + k] " ej-1w<<+ect>+O(Ecl»> (5.14) 
where S(t) is the output signal, E(t) is the envelope signal, 0(t) is the phase signal, 0, 
is the additional phase shift due to the feed-through effect measured from the output, 
and k represents the feed-through level measured from the output. The 
0 has to be 
described as function of envelope signal, i. e. O(E(t)), since it represents the phase 
distortion due to the envelope-dependent parasitic capacitor, Cdg. The amplitude 
distortion due to Cdg has be contained in [E(t)+k]. The feed-through level, k, is 
depended on the circuit design and active device used in the amplifier. In this class E 
amplifier simulation, the value of k is around 0.17V, which can 


















Figure 5.19: Circuit illustration of the feed-through effect 
The impacts of the feed-through effect on the performance of the EE&R transmitter 
can be evaluated by using Equation (5.14) and Figure 5.20 shows the first three 
ACPRs with different feed-through levels when an IEEE802.1Ig signal is applied. 
When the EE&R transmitter has no feed-through level, the 1St ACPR is -68dBc. It can 
be observed when the feed-through level, k, starts deviating from zero, the ACPR will 
be increased. When the class E amplifier has 0.1 V of feed-through level, the 1 S` ACPR 
will increase to -42dBc. In this Class E amplifier simulation, the Class E amplifier has 
around 0.17V of feed-through level. Therefore, according to Figure 5.20, the 1 S` 
ACPR will be -37 dBc and the 2 °d ACPR will be -45dBc. 




-40 --'"""**----------; - ----- -ý ýý'_ 4444 I iý 
I 
7-50 "ýý''" 






ýi " 11 , 
"\" cc 
"" 




-80 ______------------ _____-_--_____--__- 
-. -1st ACPR 
-90 ------------------ -2ndACPR 
3rd ACPR 
-100.2 
-0.1 0 0.1 
0.2 
k (V) 
Figure 5.20: Feed-through effect on ACPRs 
The feed-through effect can be reduced if the RF driven signal is reduced power 
level 
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while the envelope signal is below a particular level [22]. The implementation of the 
RF driven signal is to modulate a clipped envelope signal with the phase signal. An 
example of the clipped-envelope driven signal is shown in Figure 5.21. This 
clipped-envelope driven signal contains the phase modulation and a portion of the 
envelope variation. The clipping level can be set to the mean power of the envelope 
signal. Before driving the RF amplifier of the EE&R transmitter, the clipped-envelope 
driven signal has to be amplified to a particular power level so that the peak power 
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Figure 5.21: Clipped envelope phase signal 
5.6 Combination of EE&R and Predistortion 
Since the basic architecture of the EE&R transmitter has to split the signal into 
envelope and phase signals which are amplified by the respective power amplifiers, it 
is possible to compensate for the VDD/AM and VDD/PM conversions, using two 
predistorters to linearise the respective envelope phase signals. In the simulation, the 
predistorters were implemented by using baseband polynomial 
functions. 
5.6.1 Envelope Predistortion 
To compensate for the VDD/AM conversion, a simple amplitude predistorter can 
be 
applied which has been discussed in Chapter 
3. Figure 5.22 shows the Vop/AM 
conversion and predistortion characteristic of the 
Class E amplifier, where the solid 
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line is the VDO/AM conversion, the dotted line represents the transfer characteristic of the amplitude predistorter, and the grey solid line represents the ideal transfer 
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Figure 5.22: VDD/AM conversion and the ideal predistortion characteristic 
The saturation output amplitude of the class E amplifier is around 3.2V, and thus the 
maximum input amplitude of the predistorter is limited to around 4.5 V. To ensure that 
the peak amplitude of the IEEE802. llg OFDM signal is below the maximum 
permitted level of the predistorter, the input envelope signal was backed off by around 
10dB from 4.5V of the input amplitude and thus the IEEE802.11 g has around 1.4V of 
average input amplitude. 
In the simulation, the predistorter was realized by using baseband predistortion, whose 
transfer function was implemented by a polynomial function. Since the ideal transfer 
characteristic of the predistorter has a modest curve, a 5t' order polynomial function 
can achieve a good curve fit. The polynomial function is shown in Equation (5.15), 
which was simulated and obtained by Matlab curve fitting tool box. 
y(t) =1.55x(t) - 0.87x2 (t) + 0.5x3 (t) - 0.126x4 (t) +0.012 X5 (t) (5.15) 
The output spectrum of the EE&R transmitter with and without predistortion is shown 
in Figure 5.23. The time differential and bandwidth limitation effects were ignored 
during the simulation. It can be observed that even with predistortion the spectral 
re-growth was not improved. The M-IMR is as high as -22.3dBc and the 1 S` ACPR is 
achieved -31.4dBc. This result can be predicted because the class E amplifier 
has a 
quite linear VDD/AM conversion and thus the envelope predistortion cannot yield 
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additional improvement. Therefore the distortion source should be from the VDDIPM 
conversion and feed-through effect. 
20 
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Figure 5.23: Output spectrum of the EE&R transmitter with envelope predistorter 
5.6.2 Phase Predistortion 
The Class E amplifier produces a large phase shift causing out-of-band spectral 
re-growth. Sowlati [23] compensated for the phase distortion of the Class E amplifier 
by using a phase-correcting feedback loop, which reduced the maximum 30° of phase 
difference down to 4°. However the phase-correcting feedback method is a narrow 
band technique. It is difficult to achieve such a good result when an IEEE802. llg 
signal is applied. 
In this thesis, the phase distortion was compensated by using predistortion techniques 
to achieve broadband operation. The VDD/PM conversion and the ideal predistortion 
characteristic are shown in Figure 5.24, where PM represents VDD/PM conversion and 
PD represents the ideal characteristic of the phase predistorter. 
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Figure 5.24: VDD/PM conversion and an ideal predistortion characteristic 
The implementation of the phase predistorter is simply to add the ideal phase 
characteristic to the baseband Cartesian I and Q signal, described by Equation (5.16), 
where o(E(t)) is the anti phase function of the VDD/PM conversion, which is a 
function of the envelope signal, E(t). 
Y(t) = [1(t) +j- Q(t)] " e'-O(E<<» 
= [1(t) +j- Q(t)] - 
{cos[O(E(t))] +j- sin[O(E(t))]} (5.16) 
_ {I (t) - cos[O(E(t))] - Q(t) - sin[O(E(t))]}+ j- 
{I (t) - sin[O(E(t))] + Q(t) - cos[O(E(t))]} 
= I' (t) +j. Q' (t) 
I'(t) and Q'(t) are the phase predistorted baseband Cartesian signals. If the EE&R 
transmitter has both envelope and phase predistortion applied, the envelope signal, 
E(t), shown in Equation (5.16), should be replaced by a predistorted envelope signal. 
Figure 5.25 shows the output spectrum of the EE&R transmitter with both envelope 
and phase predistortion. It can be found that with the predistorters the M-IMR can be 
improved from -22.7dBc to -32.6dBc, around a 10dB improvement, and the 
1 S` ACPR 
can be suppressed from -32.3dBc to -35.6dBc, a 4.3dB improvement. 
Ideally, an 
approximately ideal predistorter should achieve more improvement. So it implies that 
the feed-through effect limits the improvement from the predistortion. 
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Figure 5.25: The spectrums of the EE&R transmitter with and without envelope and 
phase predistortions 
5.7 Feed-through Elimination Circuit 
In this thesis a new EE&R architecture is proposed to eliminate the feed-through 
effect [17]. Consider an input signal x(t), described by Equation (5.17), where A(t) and 
B(t) are the amplitude and phase modulations. 
x(t) = A(t) " ej. 
{wt+ec1>} (5.17) 
Thus the output of the EE&R transmitter with feed-through effect, y(t), can be 
described as: 
y(t) = {F[A(t)] + k}- eý (5.18) 
where F[-] represents the VDD/AM conversion without feed-through effect, 
k 
represents the feed-through level, and G[-] is the VDD/PM conversion. 
To eliminate the 
feed-through level, an error signal, which has an anti phase with amplitude of k, can 
be injected into output of the EE&R transmitter, and therefore 
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y(t) - {F[A(t)] + k}" +G[O(t)ll -k e;. 
{0 t+c[ect ]} 
= F[A(t)] " ej-{w<+c[ect»} 
(5.19) 
Figure 5.26 illustrates the feed-through elimination circuit. First, the RF phase signal, 
P(t) is split into two phase signals with equal power level; one is applied to the main 
Class E amplifier, and another one is fed into the inverter to generate an anti phase 
signal and then applied into the auxiliary Class E amplifier. The auxiliary Class E 
amplifier, which has identical characteristics to the main Class E amplifier, is biased 
by a low level drain supply voltage, Vb, to ensure that the output amplitude is equal to 
the feed-through level of the main Class E amplifier. Using an identical class E 
amplifier as the auxiliary amplifier is to ensure the same phase characteristics as the 
main amplifier. Finally, the output signal from the main amplifier and the error signal 
from the auxiliary amplifier are combined by a power combiner that is required to 
have high isolation between ports. 
Ideally, Vb has to be zero, if two amplifiers with identical characteristics are used. 
However, perfectly matched amplifiers are extremely unlikely, and therefore in most 
practical applications, a bias voltage Vb will have to be applied to the auxiliary 
amplifier. 
Vb 
Figure 5.26: Configuration of the feed-through elimination circuit 
Figure 5.27 illustrates the feed-through elimination process in terms of the time 
domain waveforms, using a two-tone test signal as an example. 
The output signal of 
the auxiliary amplifier has a constant envelope where the amplitude 
level is equal to 
the feed-through level, k. Also the phase shift of the auxiliary amplifier 
is equal to the 
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Figure 5.27: (a) Outputs of the main and auxiliary amplifiers (b) Output of the 
feed-through elimination circuit 
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Figure 5.28: Output spectrums of the EE&R transmitter and the feed-through 
elimination circuit 
Figure 5.28 shows the output spectrums of the EE&R transmitter and the 
feed-through 
elimination circuit. Both transmitters were compensated 
by the amplitude and phase 
predistorters. It can be observed that the out-of-band spectral re-growth 
of the 
feed-through elimination circuit can improve the M-IMR from -33dBc to -54dBc, a 
21 
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dB improvement, and the 1St ACPR can be suppressed from -36dBc to -55dBc, a 19dB 
improvement. 
5.8 Conclusion 
An EE&R transmitter has been discussed for use in an IEEE802.11 g application. The 
major advantage of the EE&R transmitter is its inherently high power efficiency for 
non-constant envelope signals. However, some distortion sources reduce its linearity 
and hence increase out-of-band spectral re-growth; these can be summarized as 
differential time delay, bandwidth limitation, VDD/AM and VDW/PM conversions due 
to envelope variation, and feed-through effect. Most of the literature focuses on the 
differential time delay and the bandwidth limitation and the relative solutions are 
generally for narrow band system. For an IEEE80.211 g application, the simulation 
results show that the maximum differential time delay is around 3ns and the minimum 
bandwidths of the envelope and phase signal are 30MHz and 50MHz respectively. 
The VDO/AM and VDD/PM conversions also affect the linearity. With both envelope 
and phase predistortions, the M-IMR can achieve around 10dB improvement. To 
achieve higher improvement, the feed-through effect needs to be considered. This 
chapter proposed a new architecture of EE&R transmitter to eliminate the 
feed-through effect. In the simulation, the feed-through elimination circuit with 
predistortion technique can realize -54dBc of M-IMR. So the feed-through 
elimination circuit achieves an additional 21dB improvement compared with the 
EE&R transmitter compensated by predistortion. 
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CHAPTER 6 
IMPLEMENTATION OF THE EE&R 
TRANSMITTER 
This chapter begins by introducing the design procedure for the class E amplifier. The 
optimized load for the amplifier network is obtained by using a load-pull technique to 
design an amplifier with the maximum achievable power efficiency. To realize 
suppression at specific harmonics and to transfer the desired load network impedance 
to the load impedance, a4 stub distributed element matching network was designed. 
To implement the EE&R transmitter, the highly efficient class E amplifier was built, 
and to estimate the performance of the system a linear envelope modulator was 
implemented using an operational amplifier. The baseband predistortion technique 
was applied to improve the linearity of the EE&R transmitter. The measurement 
results in terms of spectral re-growth and power added efficiency are also discussed in 
this chapter. 
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6 Implementation of The EE&R Transmitter 
6.1 Introduction 
In Chapter 5, the linearity analysis of the EE&R transmitter has been discussed. The 
EE&R transmitter can be combined with baseband predistortion techniques to 
improve the VDD/AM and VDD/PM conversions due to envelope variation. The 
simulation results showed that the M-IMR can be improved by around 10dB when an 
IEEE802.11 g OFDM signal was applied. In Chapter 5, the RF power amplifier of the 
EE&R transmitter was implemented by using a class E amplifier. An ideal design of 
the class E power amplifier was discussed and simulated. However, in practice, the 
ideal values of the components are difficult to implement. 
In this chapter, a practical design procedure for the class E amplifier will be 
introduced and a demonstration circuit of a class E amplifier is constructed. To 
achieve the maximum PAE, the load-pull technique was applied to the class E 
amplifier design [1][2]. The output network of the class E amplifier was implemented 
by micro strip lines, which provided high harmonic suppression and accurate output 
impedance. 
To estimate the performance of the EE&R transmitter, a linear envelope modulation 
was implemented by using an operational amplifier. The envelope and phase signals 
of the IEEE802. l1g OFDM signal were generated by ADS, and exported to signal 
generators; one is baseband envelope signal and the other one is RF phase signal. 
To improve the linearity of the EE&R transmitter, baseband predistortion was applied 
to compensate for the VDD/AM and VDD/PM conversions, which were measured from 
the class E amplifier by using a network analyzer. Two types of phase signal were 
applied to the class E amplifier to evaluate the performance. The measurement results 
will be discussed in this chapter. 
6.2 Implementation of the Class E Power Amplifier 
6.2.1 Load-Pull Simulation 
The ideal design of the class E power amplifier has been discussed and simulated 
in 
Chapter 5. Raab [3] derived analytic expressions for the ideal design of a class 
E 
amplifier, where the active device is modelled as an 
ideal switch with parallel 
parasitic capacitance, Cp. He assumed that the switch resistor 
is zero, and the switch 





Load network impedance: 
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Zner = 
0.28 
ej49. (Cp +C, )w (6.1) 
Where Znet is the composite impedance from drain to load and C1 is the capacitance 
paralleled with the active device. 
Peak drain voltage: Vd, max = 3.56 ' 
VDD 
(6.2) 
Peak drain current: Id, max = 2.84.1 DD (6.3) 
Although this derivation can provide an ideal load network impedance design, in 
practice the GaAs FET is much more complicated than his assumptions. Firstly the 
GaAs FET cannot work as an ideal switch. In addition, the parasitic components limit 
the performance when the circuit works at high frequency such as 2.4GHz. Secondly, 
the values of the parasitic components are difficult to measure and model. Finally, 
because the ideal values of resonator and Cp are too small at 2.4GHz, any microstrip 
line which is used to connect components will affect the ideal design. Therefore the 
ideal design is difficult to be realized in practice, and the load-pull technique is 
usually applied to estimate the load impedance to optimize power amplifier. 
Under large-signal conditions, the input and output impedance of the power amplifier 
would vary depending on the input RF power level. The load-pull technique is used to 
optimize the design of a power amplifier by varying the load impedance presented to 
the active device. The main goal is to optimize operation of the circuit for high power 
added efficiency (PAE) and desired output power. Before the load-pull simulation, the 
input and output impedance has to be measured. 
Figure 6.1 shows the simulated input and output impedance while VDD was swept 
from 1 to 5V and the frequency was swept from 2.34 to 2.46 GHz. The MwT871 
GaAs FET was chosen as the active device, where the gate pinch off voltage is -2V, 
I dB compression output power is 27dBm, and the drain break-down voltage is 15V. 
From Figure 6.1 it can be observed that in the sweep range of VDD and frequency the 
input and output impedances are vary slightly. At 2.4GHz, the input impedance 
is 
around 4.27-j32.4752 and the output impedance is around 30.45-j 14.8852. 
Therefore in 
the load-pull simulation the source impedance was set to be the conjugate of the 
input 
impedance at the fundamental frequency and the resultant input impedances at the 
harmonics are set to a high value. Then the real and imaginary impedances of output 
were swept and the impedances at the 2nd 3rd, 4`h, and 
5th harmonics are set to see an 
open circuit. 
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Input and output impedance of MwT871 
Zout 
RFfreq= 2.350E9 
Zout=0.300 / -132.240 VDD=2.000000 




in=0.887 / -113.723 QQ=2.000000 
in impedance= 4.273 -'2.475 
RFfreq (2340000000.000 to 2460000000.000) 
Figure 6.1: Simulated input and output impedances of MwT871 GaAs FET 
PAE and Output Power Contours 
PA E 
Max PAE Pout 
Contour step 
PAE: 2% 
Pout: I dBm 
. 2. \Nk N! I! ýOy 
I\ (Impedance=24.57133.25) 
Max Pout Max Pout= 23 dBm 
Znel (Impedance=9.88121.46) 
Znet= 17.1.123.1 
(PAF, =6O%, Pout=21.5dBm) 
Figure 6.2: Simulated PAE and output power contours 
Figure 6.2 shows the constant output power and constant PAE contours, which are 
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represented as thick and thin lines respectively. The step size for the PAE contour was 
set to 2% and the step size of the output power contour was set to I dBm. It can be 
seen from the Smith chart that the maximum PAE that can be achieved is around 
62.6% when the load impedance was set to 24.57/33.25°S2 and the maximum output 
power is 23dBm when the output impedance was set to 9.88/21.46°S2. To balance the 
PAE and output power, the middle value of output impedance was chosen, which is 
around 17.4/23.1 °S2. With this impedance, the PAE that can be achieved is 60% and 
the output power that can be achieved is 21.5dBm. 
When the output impedance was fixed, a circuit simulation of the class E amplifier 
was carried out using the harmonic balance technique to estimate the performance of 
the amplifier. The simulation results show that the maximum PAE which can be 
achieved is around 64% at VDD=3V and the maximum output power which can be 
achieved is around 25dBm at VDD=5V, when the active device was directly connected 
to the desired output impedance. Figure 6.3 shows the 2 "d to 5 `h order harmonic levels 
in dBc with different levels of VDD, which are represented as 1-1132,1-1133,1-1134, and 
HB5 respectively. It can be observed that the 2nd harmonic has the highest level, of 
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Figure 6.3: The 2nd to 5t' harmonic levels with different VDD 
6.2.2 Output Matching Network Design 
The purpose of the load network is to transfer the 50Q output 
load, ZL, to the desired 
Zn, t, and to suppress the 
harmonics. There are three types of load impedance network 
that are generally implemented for class E amplifier 
design. Figure 6.4 to Figure 6.6 
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show the schematic circuits for each type of matching network. The first type of load 
network [3] is generally used in the theoretical design of the class E amplifiers when 
the operating frequency is lower than 1 GHz. The series capacitance and inductance 
forms a resonator, which passes the fundamental frequency and rejects other 
frequencies. This type of load network leads the class E power amplifier to operate 
over narrow bandwidths. Besides, this configuration may result in the desired 









The second type of load network [4] uses microstrip lines to implement the load 
network. The open termination stub is designed to suppress the second harmonic. This 
load network also produces a narrowband matching network. Although the stub 






Figure 6.5: Load network type 2. 
The third type of load network [5] shown in Figure 6.6 is a distributed element 
matching network, which uses 4 stubs to suppress the second to fifth order 
harmonics. 
It can provide good harmonic suppression and wideband operation. Therefore this 
type of load network was chosen to be implemented. 
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TL3 TL5 
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Figure 6.6: Load network type 3. 
6.2.2.1 Lumped Load Network Design 
To achieve the best performance, the third type of the load network can be derived 
from an ideal lumped element topology. In Figure 6.6, the microstrip lines TLI and 
TL6 can be represented as two inductances and every pair of stubs (TI-2 and TL3, 
TL4 and TL5) can be represented as grounded parallel capacitances. Therefore it 
becomes a two stage cascaded low pass L-type transformer, which can step down the 
desired network impedance, Znet, to a 5052 load impedance. Figure 6.7 shows this 
lumped circuit, where L1 and L2 represent TL1 and TL6, C1 is the sum of TI-2 and 
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Figure 6.7: Lumped-element model of the load network 
To transfer the desired network impedance to the load impedance, the Smith chart can 
be used to achieve the impedance transfer. Figure 6.8 shows the lumped load network 
design on the Smith chart. Carefully tuning every component of the load network can 








Figure 6.8: Lumped load network design on Smith chart. 
S21 Measurement Sj, Measurement 
n 
mSl 
11 Frequency: 2.4GHz 
Impedance: 19.4/26 
Frequency (20MHz to 16GHz) 
Figure 6.9: S21 gain frequency response and S parameter 
When the values of the components have been designed, an S-parameter simulation 
can be carried out to estimate the frequency response of the load network. Figure 6.9 
shows the S21 frequency response and the S11 impedance on the Smith chart. The S21 
parameter represents the gain response of the load network, and the S11 parameter 
represents the network impedance, Znet. It can be observed that the pass band has 
around a IdB loss and the cut off frequency is around 4GHz. The second to fifth 
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harmonic has 7.2,22.4,32.7, and 40.5 dB suppression respectively. The value of Znes 
becomes 19.36/26°SZ, which results in a value of maximum PAE of 62% and 22dBm 
of maximum output power which can be achieved. 
6.2.2.2 Microstrip Line Load Network Design 
The electrical parameters of the capacitive stubs (TL2-4 in Figure 6.6) can be 
designed to provide simultaneously the correct capacitive reactance at the 
fundamental frequency for the impedance transformer, as well as providing high 
suppression at harmonic frequencies. By arranging the stub lengths to a 
quarter-wavelength at the particular harmonic, high levels of suppression can be 
achieved. Then by arranging the width of the pair stubs the desired capacitive 
reactance can achieved at the fundamental frequency. The series inductance can be 
implemented by an equivalent inductance using a short transmission-line section as 






Where ZO is the characteristic impedance, f is the fundamental frequency, and Eef is 
the electrical length in degrees. Careful choice of Zo and Eeff results in the desired 
values of inductance. 
The equivalent capacitance of an open-circuit stub can be described by Equation (6.5). 
Since the value of C has been found from the lumped network design and Eeff has 
been found by the total length of the pair stubs, the resultant Zo can be derived to get 






Figure 6.10 shows the schematic circuit of the load network, which includes the 
drain 
bias circuit. It should be noted that the input impedance of a stub, which 
is a 
quarter-wavelength long at a frequency fX, will also 
have a low impedance at 
frequencies f. (2k+1), where k is a positive integer. This schematic circuit was then 
simulated by using a S-parameter simulation to estimate the performance, 
where Zr, << 
was set to port 1, load was set to port 2, and drain power supply was set 
to port 3. 
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Figure 6.10: Schematic circuit of the load network. 
Figure 6.11 shows the results of the S-parameter simulation, where S21 represents the 
gain from Z1ef to the load and S31 represents the gain from Zef to the drain power 
supply. It can be observed from the graph of S21 that the frequency responses at the 2nd, 
3rd, and 4`h harmonics have high suppressions, which are all more than 50dB, and the 
frequency response at the 5`h harmonic has modest suppression, which is around 15dB. 
However the frequency response between harmonics cannot achieve as high 
suppression as that at the harmonics. From the graph of S31 it can be found that the 
cut-off frequency of S31 is around 400MHz, which can satisfy the envelope bandwidth 
requirements of the EE&R transmitter. The demonstration circuit of the load network 
is shown in Figure 6.12. 




II r- I 






-30 --- 5, n Harmonic 
' ^N 
-40 -- - 
-50 --- -- I 





--- -- _I " nd 2 Harmonic- --I-- 
3`d Harmonic 
-80 0 - 2468 10 12 14 
frequency (GHz) 
Frequency response of S31 
20 
-10 T- -----, -------r------ 






-80 16 0 0.5 1 1.5 2 
frequency (GHz) 
Figure 6.11: S parameter simulation results of the load network. 
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Figure 6.12: Photograph of the implemented load network 
Figure 6.13 shows the measurement results of S21 parameter. It can be observed that 
the load network can achieve high suppressions at harmonic frequencies, which are 
between 20dB and 60dB. The 3rd harmonic has the highest suppression, which can 
achieve around 62dB suppression. Besides the strongest harmonic distortion of the 
class E amplifier generally occurred at the 2nd harmonic. The output network also 
achieves 35dß suppression at the 2 °d harmonic. 
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Figure 6.13: S21 measurement result of the load network. 
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Figure 6.14: The schematic circuit of the input matching network. 
Since the load network operates over a wideband, the bandwidth of the class E 
amplifier will depend on the design of the input matching network. As mentioned in 
section 6.2.1 the input impedance of the GaAs FET is around 4.27-j32.47Q at 2.4GHz. 
Such a small value of input impedance of the GaAs FET is difficult to transfer from 
501) source impedance by using a simple L-type matching network. Therefore two 
cascaded high pass L-type matching networks are used to step by step transfer the 
input impedance to 5092, and these networks can also achieve the required wide band 
operation. Figure 6.14 shows the schematic circuit of the input matching network. 
However, due to the small input impedance of the GaAs FET, the matching circuit 
cannot achieve a low reflection coefficient resulting in modest power gain being 
achieved. Besides, the desired values of the components require high accuracy. 
Therefore the inductors of the input matching network were implemented by short 
microstrip lines. 
6.2.4 Comparison of Simulation and Measurement Results 
When the load network and input matching network had been designed, the circuit 
simulation of the class E amplifier was carried out. The S-parameter simulation was 
first simulated to estimate the frequency response. Figure 6.15 shows the S2, 
frequency response of the class E amplifier. The S21 parameter was simulated when 
the drain bias was set to 3V (VDD=3V), gate bias was set to -2V (VGG=-2V), and the 
input power level was set to 8dBm (Pin=8dBm). It can be observed that the class E 
amplifier has around 13.6 dB gain, and the frequency response has high suppression at 
the 2nd and 3 `d harmonic frequencies, which are around 52.5 dB and 83.7 dB, 
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Figure 6.15: Simulated S21 parameter of the class E power amplifier 
The demonstration circuit of the class E power amplifier is shown in Figure 6.16. To 
measure the S-parameters, the network analyzer was used. However, because the 
maximum output power of the network analyzer is OdBm, which is smaller than the 
input power requirement of the class E amplifier, it was necessary to build a linear 
pre-amplifier to boost the output power level to drive the class E amplifier to the 
correct operating point. The pre-amplifier was implemented by using a MGA81563 
MMIC amplifier providing around 11 dB power gain at 2.4GHz. In addition, to protect 
the network analyzer, a 30 dB attenuator was connected between the output of the 
class E amplifier and the port 2 of the network analyzer. This configuration is shown 
in Figure 6.17. The VDDIAM and VDD/PM conversions were also measured by using 
the network analyzer. By varying the drain voltage levels, the VDD/AM conversion 
can be calculated from the amplitude of the S21 measurement, and the VDD/PM 
conversion can be obtained from the phase shift of the S21 measurement. 
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Figure 6.17: Configuration of the S-parameter measurement setup 
Figure 6.18 shows the S21 measurement result measured from the vector network 
analyzer. The input power level of the class E amplifier was 8dBm and the drain and 
gate bias were 3V and -2V respectively, which are the same as the simulation 
conditions. It can be observed from the S21 measurement results that the gain is 
-6.4dB at 2.4GHz. Compensating the gains of the pre-amplifier and the attenuator, the 
effective gain of the class E amplifier is 12.6dB, which is around 0.4dB smaller than 
the simulation result. However the bandwidth which can be achieved at 12.6dB gain is 
limited to around 200MHz from 2.4GHz to 2.6GHz, because the practical value of the 
components of the input matching network cannot achieve the ideal desired values, 
resulting in bandwidth limitation. It also can be observed that the frequency response 
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at second and third harmonics have high levels of suppression, which are around 63.7 
and 70.1 dB respectively. 
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Figure 6.19 shows both simulated and practical output power levels of the class E 
amplifier with different levels of VDD when the class E amplifier was driven by an 
8dBm input signal. It can be observed that the simulated and practical output power 
levels are very close when VDD is between 0.2V and 2V. When VDD is below 0.2V, the 
practical output power is smaller than the simulated results. This implies that the 
practical class E amplifier has smaller feed-through effect than the simulated class 
E 
amplifier. When VDD is higher than 2V, the practical output power levels 
begin 
deviating from the simulated output power levels. The maximum practical output 
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Figure 6.19: Simulated and measured output powers of the class E amplifier 
VDD/PM conversion 




















Figure 6.20: Simulated and measured VDD/AM and VDD/PM conversions of the class 
E amplifier. 
Figure 6.20 shows the simulated and practical VDD/AM and VDD/PM conversions. It is 
obvious that the practical class E amplifier has smaller linear dynamic region than the 
simulated class E amplifier. The saturation output voltage of the practical class E 
amplifier is around 4.2V. The smaller linear dynamic region will affect the power 
efficiency of the EE&R transmitter which will be discussed later. However the 
practical class E amplifier has smaller feed-through level observed at the output when 
VDD is zero. The simulated class E amplifier has around 0.4V of feed-through level, 
and the practical amplifier has around 0.2V of feed-through level. 
For VDD/PM conversion, when VDD is below 0.5V, both simulated and practical 
VDI/PM conversions have large phase variations. The maximum phase difference is 
70° between VDD=OV and VDD=0.5V When VDD is higher than 0.5V, the phase 
variation becomes modest. The practical VDI/PM conversion has more nonlinear 
















Figure 6.21: Simulated and measured PAEs of the class E amplifier 
Figure 6.21 shows the simulated and practical PAEs of the class E amplifier with 
different levels of VDD. The maximum PAE of the simulated class E amplifier that can 
be achieved is around 57% when VDD is 3V, and the practical class E amplifier can 
achieve around 53% of PAE when VDD is 2V. Besides, when VDD is increased, the 
practical class E amplifier cannot achieve the same levels of PAE suggested by the 
simulation results. 
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6.3 EE&R transmitter for an IEEE802.11g Application 
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Figure 6.22: Implementation of the EE&R transmitter 
Figure 6.22 shows the implementation of the EE&R transmitter for an IEEE802. IIg 
application. The baseband IEEE802.11 g OFDM signal is generated from ADS, and 
then converted to envelope and Cartesian phase signals. The envelope signal is 
downloaded to the memory of the baseband signal generator, AMIQ produced by 
Rohde & Schwarz and thus exported from the I port of the baseband signal generator 
to the envelope modulator. The baseband Cartesian phase signal is downloaded to the 
SMU200A, which is a RF signal generator produced by Rohde & Schwarz. The 
SMU200A up-converts the baseband Cartesian phase signal to the carrier frequency 
and then drives the class E power amplifier. To synchronize these two signal 
generators, the reference clock and trigger signal have to be connected together. In 
this demonstration, the reference signal is generated from the SMU200A, and the 
trigger signal is generated from the AMIQ. 
The maximum output power that the SMU200A can produce is 20dBm, which is 
higher than the input power requirement of the class E amplifier. Therefore, it is 
unnecessary to put a pre-amplifier before the class E amplifier. However, the 
baseband signal generator can only achieve a maximum 1V of output voltage. The 
class E amplifier requires that the envelope signal can be swept from OV to 
5V. 
Therefore an envelope modulator is required to increase the voltage levels to satisfy 
the supply voltage requirements of the class E amplifier. 
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6.3.1 Envelope Signal 
Figure 6.23 shows the spectrum of the envelope signal measured from the output of 
the baseband signal generator. It can be observed that most of the signal power is 
close to DC and the AC signal has a much smaller power level. According to the 
measurement result from the spectrum analyzer, 90% of the power is below 10Hz, and 
99.9% of the power is below 10MHz. From the figure it can also be observed that 
there are two peaks at round 70MHz and 90 MHz. These spectral re-growths are not 
observed in the computer simulation. This additional distortion could be generated 
from baseband signal generator. 
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Figure 6.23: The spectrum of the envelope signal measured from the signal generator 
Since the maximum output voltage of the AMIQ is IV, it cannot satisfy the envelope 
requirements of the class E amplifier. Therefore a linear envelope modulator was built. 
Figure 6.24 shows a schematic and a photograph of the constructed envelope 
modulator implemented by using an OPA2690 operational amplifier. This operational 
amplifier has a gain bandwidth product of 500MHz, and can supply a maximum 
output current of 190mA, which can fulfil the input power requirements of the class 
E 
amplifier. It can also provide the envelope signal sweeping from OV to 
4V, which 
satisfies the dynamic range requirements of the class E amplifier. 
It should to be noted that the overall power efficiency of the EE&R transmitter 
is the 
product of the power efficiency of the class E amplifier and the power efficiency of 
the envelope modulator. Therefore the envelope modulator of a practical 
EE&R 
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transmitter is generally implemented by a highly efficient switching amplifier or DC 
to DC regulator. In this demonstration system, using an inefficient operational 
amplifier is to estimate the performance of the class E amplifier linearised by 
predistortion techniques for IEEE802.11 g applications. 
Figure 6.24: The configuration of the envelope modulator and the photograph of the 
implemented envelope modulator 
6.3.2 Phase Signal 
In the demonstration, two types of phase signal were applied to the class E amplifier 
to estimate the performance. They are a constant-envelope phase signal and a 
clipped-envelope phase signal. The waveforms of these two phase signals are shown 












Figure 6.25: (a) Constant-envelope phase signal (b) Clipped-envelope phase signal 
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The constant-envelope phase signal is a theoretical phase signal for use with an EE&R 
transmitter. In theory, it can achieve the best performance when envelope signal is 
restored at the drain of the active device. However, it suffers from two distortion 
sources. The first one is the bandwidth limitation effect. To achieve a purely constant 
envelope, the phase signal requires wider bandwidth. The simulation result shows that 
the bandwidth of the baseband phase signal should be at least 50MHz, which has been 
discussed in Chapter 5. When the phase signal is modulated to the carrier frequency, 
the bandwidth becomes 100MHz. Figure 6.26 shows the spectrum of the 
constant-envelope phase signal, which is generated from ADS and export to the RF 
signal generator, SMU200A. Since the maximum sampling rate of the RF signal 
generator is 100MHz, the bandwidth of the phase signal is limited to 100MHz. 
The second distortion source is the feed-through effect. Since the phase signal 
maintains a specific power level, around 8dBm, when the envelope signal is swept to 
a low power level presented at the drain of the active device, a partial phase signal 
will leak to the drain through parasitic capacitance of the active device, this effect 
limits the linearity. 
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Figure 6.26: The spectrum of the constant-envelope phase signal 
The second type of phase signal is the clipped envelope phase signal, 
which is 
implemented by modulating a clipped envelope signal with a constant envelope 
phase 
signal in ADS. Raab [7] presented a similar 
ideal for increasing power efficiency, 
where the driven signal of the class E amplifier was 
implemented by modulating a 
phase signal with an unclipped envelope signal. 
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The clipping level of the clipped envelope phase signal was set to the mean power of 
the envelope signal. This clipped envelope phase signal was used to reduce the 
feed-through effect and bandwidth. When the envelope signal is swept to a low power 
level, the clipped envelope phase signal also reduces the power level. Therefore a 
smaller power of driven signal will be leaked to the drain resulting in reduced 
feed-through effect. Besides, the clipped envelope phase signal has smaller bandwidth 
compared with constant-envelope phase signal. The bandwidth of the clipped 
envelope phase signal measured from the output of the RF signal generator is shown 
in Figure 6.27. 
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Figure 6.27: The spectrum of the clipped envelope phase signal 
6.3.3 Measurement Results of the EE&R Transmitter 
Figure 6.28 shows the measurement setup of the EE&R transmitter. The phase signal 
generated from RF signal generator is split into two paths; one 
drives the class E 
amplifier and the other one goes to oscilloscope so that 
it can be observed. The 
envelope signal generated from baseband signal generator 
is applied to the envelope 
modulator and then fed to the drain of the class E amplifier. 
A partial envelope signal 
is measured by the oscilloscope. The output of the class 
E amplifier is then applied to 
a lOdB attenuator and then fed via a coupler to get an output signal 
for measurement 
by the oscilloscope. The spectrum analyzer is used to measure 
the spectral re-growth 
and power level of the output signal. 
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Figure 6.28: Measurement setup of the EE&R transmitter 
Since the envelope signal and phase signal are generated by two different signal 
generators, the synchronization between these signal generators is achieved by using 
the reference signal and trigger signal. Perfect synchronization is required to achieve 
minimum differential time delay. However the maximum sampling rate which can be 
achieved is 100MHz for both signal generators. So the minimum adjustable time 
delay is one sample, which is lOns. For an IEEE802. llg application, the differential 
time delay should be controlled below 3ns. Therefore it is inevitable that the 
measurement results cannot achieve perfect time synchronization by adjusting the 
sampling delay of the signal generators. 
However, because these two signal generators cannot achieve perfect clock 
synchronization, the time difference between the two signal generators will slowly 
increase from the trigger point. When the time delay expands to a specific level, the 
signal generators will reset the output signals to the trigger point. This effect happens 
periodically. So the spectral re-growth level will be varied with the different time 
delay. At a specific moment the spectral re-growth has the lowest level; it can be 
assumed that the differential time delay is at the smallest level at this point. 
The 
spectrum figures shown in this section were recorded when the spectral re-growth 
shows the best performance. 
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Figure 6.29 shows the output spectrum of the EE&R transmitter when the 
constant-envelope phase signal was applied to the class E amplifier and the driven 
power level was set to 5dBm. From the figure it can be observed that the EE&R 
transmitter can operates with 16.37dBm of output power, which yields around 
11.37dB gain. The 1st ACPR is around -27dBc which is lower than the transmission 
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Figure 6.29: The output spectrum of the EE&R transmitter driven by the 
constant-envelope phase signal 
Figure 6.30 shows the output spectrum of the EE&R transmitter when the 
RF 
amplifier was driven by a clipped envelope phase signal. 
It can be seen that the I S` 
ACPR is around -27dBc, which is similar to 
the result when driven by a 
constant-envelope phase signal, but the 2nd 
ACPR is around -42dBc satisfying the 
requirement of the transmission mask. 
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Figure 6.30: The output spectrum of the EE&R transmitter driven by the clipped 
envelope phase signal 
Comparing these two driven signals, the clipped envelope phase signal can achieve 
better performance. However, without other compensation the EE&R transmitter 
cannot achieve the transmission requirements of the IEEE802.11 g standard. The 
distortions are mainly due to the time difference between the envelope and the phase 
signal paths, bandwidth limitation of the signal generators, and nonlinear 
characteristics of the class E amplifier. In this demonstration, the first two distortion 
sources are due to the signal generators, which are difficult to correct. However, the 
nonlinear characteristic of the class E amplifier can be compensation by baseband 
predistortion techniques which were discussed in Chapter 5. 
6.3.4 The EE&R Transmitter Linearised by Predistortion 
To compensate the nonlinear characteristics of the class E amplifier, the 
baseband 
predistortion technique was applied in this demonstration. The transfer characteristics 
of the predistorters were converted from the measured VDD/AM and 
VDD/PM 
conversions shown in section 6.2.4, and both envelope and phase predistortions were 
applied. The predistorted envelope and phase signals were generated 
from within 
146 
. -- - vns 12.70974326 KRs/ Span 127.0974776 RN  
CHAPTER 6 IMPLEMENTATION OF THE EE$R TRA. Ns 1n- ER 
ADS and exported to the signal generators. 
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Figure 6.31: The output spectrum of the EE&R transmitter linearised by baseband 
predistortion and driven by constant-envelope phase signal 
Figure 6.31 shows the output spectrum of the EE&R transmitter linearised by 
baseband predistortion when the RF amplifier was driven by constant-envelope phase 
signal. Comparing with the output spectrum without predistortion, the 1 S` ACPR can 
be reduced from -27dBc to -34dBc, a 7dB improvement, and the 2nd ACPR can 
be 
reduced from -34dBc to -43dBc, a 9dB improvement. 
The output spectrum of the EE&R transmitter linearised by predistortion when the RF 
amplifier was driven by a clipped envelope phase signal is shown in Figure 6.32. It 
can be observed that the Ist ACPR is around -37dBc, which is about a 
10dB 
improvement when compared with the application without predistortion. It can 
be 
seen that the clipped envelope phase signal can achieve more 
improvement than the 
constant-envelope phase signal does. 
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Figure 6.32: The output spectrum of the EE&R transmitter linearised by baseband 
predistortion and driven by a clipped envelope phase signal 
A 
RDV 300 kH. D. I.. 2 (TI ) 
vvSl 
VDV 10 kH. -J4 77 dD 
R.! 10 dDa Atz 35 dD 5VT 00 .. 14.902046154 
NH. 
10 













C.. - 2.4 CM. 
"V Ra. / 
m 
Figure 6.33: The output spectrum with 400MHz bandwidth span 
The output spectrum of the EE&R transmitter 
linearised by predistortion with 
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200MHz bandwidth span is shown in Figure 6.33. It is obvious that there are two 
sharp peaks at around 70MHz and 90MHz away from the carrier frequency. These 
additional spectral re-growths are generated by the baseband signal generator. In 
addition, at 60MHz away from the carrier frequency a smooth spectral re-growth can 
be observed. This spectral re-growth is due to the bandwidth limitation effect. 
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Figure 6.34: The output spectrum with 10GHz bandwidth span 
Figure 6.34 shows the same output spectrum of the EE&R transmitter with 10GHz 
span. It can be seen that the 2nd harmonic is around -52dBc, and the other higher order 
harmonics are below the noise floor of the spectrum analyzer. This shows that the 
output network of the class E amplifier can achieve high suppression at harmonic 
frequencies. 
Figure 6.35 shows the measured output power, the 15t ACPR and 2nd ACPR with 
different levels of input power (P;,, ). From the figure, it can be observed that the 
output power cannot be proportionally increased when the 
input power is increased. 
The best suppression of the 1 S` ACPR occurred when the 
input power levels are 
between 5dBm and 7dBm, which is because the predistortion 
is optimized to 
compensate the characteristics when the input power 
is driven at 6dBm. 
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Figure 6.35: Output power and ACPR performances of the EE&R transmitter with 
predistortion compensation 
6.3.5 3GPP WCDMA application 
The 3GPP WCDMA signal can also be applied to estimate the performance of the 
EE&R transmitter. The bandwidth of the WCDMA signal is around 3.84MHz and the 
PAPR is around 7dB. The signal generation method and the transfer characteristics of 
the predistorters are the same as the OFDM application. Since the WCDMA has 
smaller value of PAPR compared with the OFDM signal, the average envelope 
voltage can be adjusted for higher output power from the amplifier. Figure 6.36 shows 
the output spectrum of the EE&R transmitter linearised by predistortion when the 
WCDMA signal was applied. It can be seen that the 1 S` ACPR is around -37dBc which 
is the same as the OFDM application and the output power is 19.86dBm, around 3dB 
higher than OFDM application. This is because the WCDMA has a lower level of 
PAPR so that higher power envelope signals can be used. 
150 
CHAPTER 6 IMPLEMENTATION OF THE EE&R TR A SMtf'IER 
"F. aw 00 bg. a. lea 1 (T1 J 
"V! V 200 }gs 
-26.74 d) Rei 20 41 Abt 15 as "Vr, ,.... 
Offs t 12 3 dB 
-- - -- ---vvvuu vvvv ri. 
1 









-- , """ Z. JS plan/ Span 23.5 Kx. 
Tom Chaatnel W-CDMA 3GPP FWD 
Sandmideh 3.84 MHz power 19.86 dBm 
Adj&Cast Channel 
nandmidzh 2"e4 HH, Lowe r -37 . 58 dB spacing 3 HH' Upper -36.01 dB 
Altornate CL. nnal 
H Lowe r -47 
2Q dB 
andvridth 3.04 MHz 




Figure 6.36: The output spectrum of the EE&R transmitter when WCDMA was 
applied. 
6.3.6 Power Efficiency Analysis 
In a practical EE&R transmitter, the envelope modulator should be implemented using 
a highly efficient switching amplifier or DC-DC regulator. In this demonstration 
circuit, the envelope modulator was implemented using an operational amplifier 
resulting in low overall power efficiency. However, it is known that the PAE of the 
class E amplifier is directly proportional to the average amplitude level of the 
envelope signal so that the PAE can be estimated by measuring the average envelope 
signal using the oscilloscope. 
Figure 6.37 shows the measured envelope waveform of the OFDM and WCDMA 
signals in the time domain and the PAE of the class E amplifier. It can be observed 
that the average envelope levels of the OFDM and WCDMA signals are 1.3V and 
2V 
respectively. Mapping these levels to the PAE graph of the class E amplifier 
it can be 
found that the OFDM and WCDMA applications can achieve around 47. )ý/ý and 
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Figure 6.37: Measured envelope signals and PAE of the class E amplifier 
6.4 Conclusion 
In this chapter, the design procedure of a class E amplifier has been discussed. The 
optimized load network impedance to achieve maximum power efficiency is around 
17.4/23.12°SZ, which was simulated by using the load-pull technique. Operating with 
this optimized impedance, the PAE and output power can achieve around 60.8% and 
22.5dBm respectively. The load network was implemented by a4 stub distributed 
element matching network which is derived by using two L-type low pass matching 
networks. The distributed element matching network can achieve high suppression at 
particular harmonic frequencies and transfer the desired load network impedance to 
the required load impedance. Since the active device has very small input impedance, 
the input matching network was implemented by two L-type high pass matching 
networks to transfer the source impedance down to the input impedance of the active 
device. 
The characteristics of the simulated and practical class E amplifier were slightly 
different. The simulated class E amplifier can achieve higher output power levels than 
the practical class E amplifier resulting in the practical class E amplifier having 
smaller maximum PAE than the simulation suggested. The maximum PAE which can 
be achieved by the simulated and practical class E amplifier was 57% and 53 
respectively, which is around 4% less than the simulation result suggests. For 
VDO/AM and VDD/PM conversions, the practical class E amplifier has smaller 
feed-through level and a more nonlinear phase shift characteristic. 
In the implementation of the EE&R transmitter, the IEEE802. IIg OFD\1 signal wa` 
applied to estimate the performance. The signal was generated 
from . ADS, and then 
exported to the signal generators. The baseband signal generator 
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the envelope signal and the RF signal generator is used to generate the RF phase 
signal. Two types of phase signals were applied to drive the class E amplifier; one is a 
constant-envelope phase signal and the other one is a clipped envelope phase signal. 
The measurement results show that the clipped envelope phase signal can achieve 
better ACPR performance. The I" and the 2nd ACPRs when driven by clipped 
envelope phase signal were -27dBc and -45dBc respectively. 
To improve the linearity, the baseband predistortion technique was applied to 
compensate for the VDD/AM and VDD/PM conversions. With predistortion, the 1 
S` 
ACPR can be suppressed to -37dBc, and the 2"d ACPR was -44dBc. For an 
IEEE802.11 g application, the output power level of the EE&R transmitter was 16dBm 
and the average PAE was around 47.3%. 
For a 3GPP WCDMA application, the EE&R transmitter linearised by predistortion 
achieved -37dBc and -47dBc of 1S` and 2 
"d ACPRs respectively. The output power was 
around 19.9dBm and the average PAE was 53.2%. 
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7 Conclusions and Suggestions for Further Work 
7.1 Conclusions 
7.1.1 Non-linearity of the Power Amplifiers 
The power amplifier is one of the most important devices in the transmission process, 
which amplifies the transmission signal to the required transmission power level and 
consumes a significant amount of power. There are many types of power amplifiers 
applied in different applications. Some can achieve high linearity and some can 
achieve high power efficiency. However, linearity and power efficiency are generally 
a trade-off. 
Any type of power amplifier operates with some distortions, which can be simply 
categorized as amplitude and phase distortions modelled as AM/AM and AM/PM1 
conversions. Amplitude distortion in the power amplifier generally results in two 
types of distortions; one is harmonic distortion and the other one is intermodulation 
distortion (IMD). Harmonic distortion generates spectral re-growth at DC, twice, three 
times, and so on of the fundamental frequency, and the IMD is due to the sum and 
difference products of the input frequencies. The intermodulation products (IMPs) 
occur in-band and are centred on the harmonics. Harmonic distortions can generally 
be removed by bandpass filtering because they are far from the fundamental 
frequency. However, since the IMD is too close to the fundamental frequency, it has to 
be reduced by linearisation techniques. Phase distortion within the power amplifier 
adds additional phase shifts to the output signal, and it causes critical distortion 
especially for phase modulated signals. 
To achieve highly power efficient amplification, the power amplifier is generally 
implemented by a nonlinear but efficient amplifier, such as class C and switching 
amplifiers. With appropriate linearisation techniques, highly efficient the power 
amplifiers can be used for the amplification of linear modulation schemes. 
7.1.2 Linearisation Techniques 
The linearisation techniques can be generally classified as feedback, feedforward, RF 
synthesis, and predistortion. The advantages and 
disadvantages of the major 
linearisation techniques have been discussed. To achieve highly efficient amplification 
for an IEEE802.11 g application, the feedback and 
feedforward techniques were not 
considered because the feedback technique 
is only suitable for narrowband 'ignalý 
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and the feedforward technique has high linearity but poor power efficiency. 
The RF synthesis technique, has inherently high efficiency, but because of the wider 
bandwidths required during the amplification process, it makes the achievable 
operation bandwidth be limited. The Llnear amplification using Nonlinear 
Components (LINC) technique requires around 10 times of input bandwidth to 
achieve high linearity and the envelope elimination and restoration (EE&R) technique 
demands 3 to 5 times the bandwidth of the input signal. 
The predistortion technique can be implemented either in baseband or in RF/IF band. 
Predistortion technique provides modest linearity improvement but it is suitable for 
wideband operation due to its open loop configuration. It can be used either to 
linearise a nonlinear power amplifier alone or arranged with other linearisation 
techniques to improve linearity. 
Therefore, two possible solutions to achieve high power efficiency for IEEE802. IIg 
applications were considered. One is the class C amplifier linearised by the piecewise 
linear predistortion (PLP) technique and the other one is the combination of the 
EE&R technique and predistortion technique. 
7.1.3 Class C amplifier Linearised by PLP 
Piecewise linear predistortion, a RF/IF predistortion technique, uses appropriate 
numbers of linear segments to produce the ideal transfer characteristic of a 
predistorter, which is the inverse function of the nonlinear characteristics of the power 
amplifier. In theory, the PLP has an approximately ideal predistortion characteristic if 
the predistorter uses enough linear segments. To compensate both amplitude and 
phase distortions of the class C amplifier obtained by circuit simulation, the AM/A. %1 
and AM/PM characteristics of the class C amplifier have to be converted to the 
quadrature representation, and thus the amplitude and phase distortion becomes two 
amplitude distortions which can be compensated by two corresponding PLPs. 
The simulation results of the class C amplifier linearised by the PLP 
have been 
discussed in Chapter 3. With PLP compensation, the 3`d and the 5th order of I, IDs can 
achieve 11dB and 16.4dB improvements respectively when a two-tone test , 
ignal ýý as 
applied. In an IEEE802.11 g application, the M-IMR can 
be improved by around 11 
dB and the ls` ACPR can be improved by around 13dB. 
The EVM measurement can 
achieve around 6% for all OFDM constellation modes, which 
is satisfies the EVti1 
requirements of the system. 
Although the maximum power efficiency that the class 
C amplifier can achieve wa,, 
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around 58%, for an IEEE802.1lg application the average PAE of the class C amplifier 
linearised by PLP compensation can achieve around 22.5% because the OFD N1 'i_gnal 
has a high PAPR resulting in low average power level and the PAE of the class C 
amplifier is directly proportional to the average input power level. Compared with a 
more linear class AB amplifier which can achieve a PAE of 14%, the PAE is increased 
by 6.5%. 
7.1.4 Back-Off and Clipping Techniques 
The IEEE802. llg OFDM signal has a very high level of envelope variation, with a 
PAPR as high as 12 dB. However the peaks occur with low levels of probability. To 
maintain the required levels of linearity, a conventional amplification system uses a 
linear amplifier with back-off resulting in poor power efficiency. When high levels of 
back-off are applied, the power efficiency will be reduced. If the PAPR can be 
reduced and the power amplifier operated with lower levels of back-off, the power 
efficiency can be improved with resultant low BER. 
A simple way to reduce the PAPR is to use a clipping & filtering technique. How ever 
the clipping process will increase both the in-band and out-of-band distortions. The 
out-of-band distortion can be removed by a low pass filter followed by clipping 
process, but the in-band distortion cannot be removed resulting in increase of EV, %i. 
Back Off 
M-MR (dBc) EVM (%) PAE (%) BER 
QPSK OFDM 
-26dBc 9% 31% 0 (IBO=6dB) 
16QAM OFDM 




28dBc 7.8% 28% 2* 10 
(IBO=7dB) 
Table 7.1: Summary of the back-off effect to M-IMR, EVM, PAE, and BER 
Table 7.1 summarizes the M-IMR, EVM, PAE, and BER 
for all constellations of 
OFDM signals when the class C amplifier was linearised 
by the PLP and operated 
with specific levels of IBO to satisfy both transmission mask and minimum 
EVN1 
requirements. It can be found that the QPSK and 
16QAM OFDM signals can achic%e 
31 % of PAE with -26dBc of M-IMR and 
9% of EVM. For the 64QAN1 OFDh1 signal, 
due to the lower EVM requirement, the PAE that can 
he achieved is 28%. When 
operating the amplifier in this way, the BER 
is still low. The higher order modes of 
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When the OFDM signal with clipping & filtering technique is applied to the amplifier. 
the EVM will be increased but the out-of-band spectral re-growth can be controlled to 
certain levels. Table 7.2 summarizes the maximum PAE with different constellation 
modes and with specific levels of clipping ratio and back off to satisfy both the 
transmission mask and EVM requirement. It can be observed that both Nl-IMR and 
EVM reach the minimum requirements of IEEE802.1 I g, and the maximum PAE that 
can be achieved is 47%, 42%, and 31% for QPSK, 16QAM, and 64QANI Ot=DNI 
signals, respectively. The resultant BERs are all 10-4 . 
Clipping & Filtering 
M-IMR (dBc) EVM (%) PAE (%) BER 
QPSK OFDM 
(CR=8dB, IBO=2dB) -26dBc 
31 % 47% 10ý 
16QAM OFDM 
-26.5dBc 15.5% 42% 10-4 (CR=4dB, IBO=4dB) 
64QAM OFDM 
-4 -26.5dBc 7.8% 31% 10 (CR=1dB, IBO=6dB) 
Table 7.2: Summary of the clipping & filtering effect to M-IMR, EVM, PAE, and 
BER 
The simulation results show that the clipping & filtering technique with appropriate 
levels of IBO can be used to increase the power efficiency. Heavy clipping, can result 
in high levels of power efficiency being achieved. However, the clipping scheme is a 
nonlinear process, which results in increases in the BER. The higher order 
constellation modes of the OFDM system have more effect on the BER then the lower 
order constellation modes. 
7.1.5 The Envelope Elimination and Restoration Technique 
An alternative technique suggested in this thesis is the combination of 
EE&R and 
baseband predistortion. The major advantage of the EE&R transmitter 
is its inherently 
high power efficiency for non-constant envelope signals. 
However, some distortion 
sources reduce its linearity and hence increase out-of-band spectral re-growth; 
these 
can be summarized as differential time delay, 
bandwidth limitation, Vp/AN1 and 
VDD/PM conversions due to envelope variation, and 
feed-through effect. 
Theses distortion sources have been discussed and simulated 
in Chapter 5 for an 
IEEE802. llg application. The simulation results showed that 
the maximum 
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differential time delay is around 3ns and the minimum bandwidths of the envelope 
and phase signals are 30MHz and 50MHz respectively. 
When baseband predistortion was used to compensate for the Vpo/A\1 and V'DWWPM1 
conversions, the M-IMR can achieve around a 10dB improvement. To achieve higher 
improvement, a new architecture of EE&R transmitter was proposed to reduce the 
feed-through effect. The simulation results showed that the feed-through elimination 
circuit with predistortion technique can realize -54dBc of M-IMR, which is around a 
24dB improvement. 
7.1.6 Implementation of the EE&R Transmitter 
To implement the EE&R transmitter, a class E amplifier was constructed. The 
theoretical design of a class E amplifier has been analyzed, but the active device 
cannot work as ideal switch and the desired values of the components are difficult to 
implement in practice. Therefore a practical design procedure of a class E amplifier 
has been discussed. The optimized load network impedance to achieve maximum 
power efficiency was obtained by using the load-pull technique. To achieve the 
highest suppression at harmonic frequencies and to obtain accurate load network 
impedance, the load network was implemented by a4 stub distributed element 
matching network which is derived by using two L-type low pass matching networks. 
The maximum PAE that the practical class E amplifier can achieve was 531/c. 
In the implementation of EE&R transmitter, the IEEE802.11 g OFDM signal was used 
to estimate the performance. The OFDM signal was generated from within ADS, and 
then exported to the signal generators. The baseband signal generator was used to 
generate the envelope signal and the RF signal generator was used to generate the R1 
phase signal. Two types of phase signals were applied to drive the class E amplifier; 
one is the constant-envelope phase signal and the other one is the clipped envelope 
phase signal. 
To improve the linearity, a baseband predistortion technique was applied to 
compensate for the VDD/AM and VDD/PM conversions. With predistortion, the 
I 
ACPR can be suppressed to -37dBc, and the 2nd ACPR was -44dBc. 
For the 
IEEE802.11 g application, the maximum output power level of the 
EE&R transmitter 
was around 16dBm and the average PAE of the class E amplifier was around 
47.3%. 
For a 3GPP WCDMA application, the EE&R transmitter 
linearised bý' predistortion 
can achieve -37dBc and -47dBc of the 
1St and the 2"d ACPRs respectively'. The output 
power was around 19.9dBm and the average PAE of the class 
E amplifier wa` 53.2`ßö. 
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7.2 Suggestions for Future work 
7.2.1 Class E amplifier 
In this thesis, the maximum PAE of the constructed class E amplifier was 53 ý at 
2.4GHz. To improve the power efficiency, the ideal driven waveform of the class E 
amplifier should be approximately a square waveform which can efficiently turn on 
and off the active device of the class E amplifier and reduces the power dispersion 
when the drain voltage and drain current simultaneously occur. Using logic gates can 
achieve an ideal square wave, but the circuit consumes large amounts of power. 
A better solution to address this problem is to cascade a pre-amplifier which generates 
appropriate harmonics of the fundamental frequency and add them together to achieve 
approximately a square waveform [1][2][3]. The class F amplifier is generally used as 
the pre-amplifier. The configuration of a class E amplifier with a class F driven stage 
is shown in Figure 7.1. Ho [3] implemented the two stage class E amplifier by CMOS 
technologies at 1.9GHz and achieved a maximum PAE of 70%. 







P= pd ar(dbmtow( 
F req= R Fheq 
1 V&=VGG 
Class F amplifier Class E amplifier 
Nur'r 2 
Z=ZL 
Figure 7.1: Configure of Class F driver and Class E power amplifier 
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7.2.2 Envelope Modulator 
To estimate the linear performance of the EE&R transmitter, the envelope modulator 
was implemented by a linear but inefficient operational amplifier. Since the envelope 
modulator supplies input power to the class E amplifier, the power efficiency of the 
envelope modulator significantly affects the overall power efficiency of the EE&R 
transmitter. In a practical EE&R transmitter, the envelope modulator is generally 
implemented by a highly efficient switching amplifier such as a class S amplifier 
[4] [5] [6] [7]or DC-DC converter [8][9][10][11][12]. The DC-DC converters are al "o 
implemented by using a switching amplifier. Actually the configuration of a class S 
amplifier is similar to a buck-topology DC-DC converter. The difference is the class S 
amplifier operates with a variable reference signal. 
The DC-DC converter can provide very high power efficiency, and a typical PAE that 
can be achieved is around 80%-95% for low frequency variation tracking. For an 
IEEE802.11 g application, the bandwidth of the envelope signal has to be at least 
30MHz to satisfy the requirement of the EE&R transmitter. If the envelope modulator 
is implemented by the DC-DC converter, the switching speed of the DC-DC 
converters has to be increased resulting in high power dispersion in switching device 








R 'H Output -ý -/ 
.. 
Li war amplifier (to 
drain of class E amplifier) 
V 
Figure 7.2: Configuration of the envelope modulator 
It has been discussed in Chapter 6 that the envelope signal contains 90cß of the power 
below 10Hz and 99.9% below 10MHz for an 11EEE802.1 
lg application. Therefore the 
low frequency and higher frequency components can be amplified 
individually', where 
the low frequency can be amplified by DC-DC converter and the 
higher frequency can 
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be amplified by a linear amplifier respectively [13][14][15]. This configuration is 
shown in Figure 7.2. The output current supplying the drain current of the class E 
amplifier combines the output current of the DC-DC converter for the low frequency 
components and the output current of the linear amplifier for the high frequency 
components. Most of the output current is supplied by the DC-DC converter. 
Therefore the configuration can achieve high efficiency for wideband operation. 
Wang [141 implemented an envelope modulator yielding around 60 ý of PAE for 
IEEE802. l lg application, where the linear amplifier was implemented by operational 
amplifier yielding 31% of PAE and the DC-DC converter achieved 75% of PAE. 
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